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ABSTRACT 


A plasma has been produced by irradiation of an aluminum slab with 


SE vatt/cm°) pulse of 1.06 micron ra- 


a 6.6 joule ,22 nanosecond (10 
diation. Magnetic fields were observed to arise spontaneously when 

the laser-produced plasma was formed. The space and time behavior of 
the spontaneous magnetic fields and their relationship to the plasma 
density profile for expansion into various background pressures of Hos 


He, N, and Ar was investigated using magnetic and electrostatic (double) 


2 
probes. The magnitude and direction of the magnetic fields was found 

to depend on the background gas pressure. The generation of spontaneous 
magnetic fields at the front of the expanding laser plasma was observed 
long after laser irradiation ceased. These fields were axially sym- 
fame and in a direction opposite to the initial field direction, 
Reverse fields were observed only above a "critical" background gas 
pressure. Magnetic fields were also observed to arise when a laser 
plasma impinged on a glass plate. 

The observed increase of the magnitude of the initial spontaneous 
magnetic fields is interpreted as arising from the momentum interaction 
between the expanding laser plasma and the pre-ionized ambient back— 
ground plasma. The reverse field is attributed to the development of 
an axial electron temperature gradient at the plasma front due to 


snovploving of the ambient plasma. 
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I. INTRODUCTION 


Since the first theoretical considerations on plasma production by 

means of laser beams in 1963, a considerable amount of research has 
been devoted to the subject of high power laser interaction with solid 
targets. In metals, the light is absorbed by interaction with elec- 
sh An electron in the conduction band will be excited to a higher 
energy level when it absorbs an incident photon. This energy will even- 
tually be shared with other electrons and ions through collisions. 
Since the mean free time between collisions of electrons in a conductor 
Bot the order of 10712 sec, the electrons which absorb the incident 
photons will make many collisions, both among themselves and with lattice 
phonons, in times of the order of the duration of the laser pulse (nano- 
second laser pulse). The optical energy can therefore be regarded as 
instantaneously turned into heat at the point at which the light is ab- 
sorbed. One can invision, therefore, the possibility of heating a small 

amount of solid material to a very high temperature in a very short time. 
has been this possibility that has motivated much of the work on 
laser-produced plasmas; the goal being attainment of controlled thermo- 
nuclear fusion through laser irradiation of solids. 

In investigating the formation and subsequent development of the 
highly ionized plasma which results when the incident laser radiation 
(irradiance > 107 W/cmó) is absorbed by the target material, it has 

generally been assumed that the only magnetic fields present were those 
induced by external sources. However, it has recently been discovered 


that a magnetic field may arise spontaneously when a laser plasma 


11 





(laser-produced plasma) is produced either by the laser induced break- 
down of a gas [ Ref. 21] or by the laser irradiation of a solid target 

(Rer. 13 . These investigations imply that spontaneous magnetic fields 
may arise under very general conditions during the production of a laser 
plasma. Since the largest spontaneous fields observed have been of the 
order of kilogauss at a distance of several millimeters from the "point" 
of the laser impact on the target surface, much larger fields have been 
predicted in the region where absorption of the laser radiation occurs 
(within —1 mm from the target surface). In fact, in a recent computer 
simulation experiment, Widner (Ref. 23 has observed a spontaneous field 
intensity of the order of 1 MG near the laser impact point. Magnetic 
fields of this magnitude can have a significant influence on the dynamics 
of a laser plasma (for example, by influencing electronic heat conduc- 
tion aná the generation of plasma instabilities). By inhibiting shock 
Compression or the target, such spontaneous fields could exert a critical 
influence on the approach to thermonuclear conditions in laser~fusion 
experiments. ` 

This thesis contains the first study of the effect of the presence 

of various background gases on the spontaneous magnetic fields (pro- 
duced by irradiation of EE Se DEE KN EE 22 
nsec) Nd—doped glass laser) and of the relationship of the spontaneous 
magnetic fields to the laser plasma density profile. It is a continua- 
tion of the investigation begun by L. L. McKee (Ref. 12] on the spatial 
and temporal behavior of the spontaneous magnetic fields associated with 
a Mylar (6, ¿g99) y laser plasma expanding into a background of nitrogen 
gas. 


The spontaneous fields were detected using mametic probes (inductive 
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loops), The probe coils consisted of five turns of #40 Formvar copper 
wire and had a diameter of about 1 mm. The probe circuit response was 
linear for frequencies below about 30 MHz. The plasma density profiles 
were diagnosed with electric double probes. The double probes were 
maintained at a fixed bias of sufficient magnitude (10 volts) to insure 
collection of saturation ion current. Since the expansion velocity of 
the laser plasma (10! cm/sec) was greater than the ion thermal velocity, 
the probe current was proportional to the product of the ion density 
and the plasma expansion velocity. The expansion velocity was obtain- 
able from the probe signals so that the relative density of the plasma 
Geld be calculated. 

This thesis is divided into nine more sections. Section II dis- 
cusses the previous experimental work connected with the spontaneous 
magnetic fields. The thesis problem is stated in Section III. Section 
IV presents the basic theory of laser-produced plasmas including the 
influence of an ambient background gas on the laser plasma expansion dy- 
namics. The theory of the initial production of the spontaneous magnetic 
fields is developed in this section. Section V contains the details of 
the experimental procedures. The experimental results are presented 
in Section VI. They include the spatial mapping of the magnetic fields 
and their density profiles, the pressure dependence of the magnetic 
fields associated with laser plasmas expanding into ambient backgrounds 


of N and the observation of the production of fields 


29 Ar, He and Hay 
in a direction opposite to the initial field direction at sufficiently 
high background gas pressures. This production of reverse field oc- 


curred long after the cessation of the laser pulse and it occurred at 


the front of the expanding laser plasma. In addition, reverse field was 


19 





observed when the expanding laser plasma impinged on a glass plate. 

In Section VII the experimental results are compared with the model 
proposed by McKee to explain the strong dependence of the magnetic 
fields on the pressure of the background gas. The model is shown to 

be incorrect in that it cannot be used to explain the results of the 
present investigation. In Section VIII a model is developed to explain 
the pressure dependence of the spontaneous magnetic fields and this 
model is compared with the experimental results in Section IX. The 


summary and conclusions are contained in Section X. 
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II. PREVIOUS RESEARCH 


A. THE DISCOVERY OF THE FIELDS 

During the latter part of 1970, as part of a study of the interac- 
tion between a laser plasma and the ambient background plasma through 
which it was streaming, Stamper et al. (Ref. 13) discovered that mag- 
netic fields were spontaneously generated in the laser-produced plasma. 
They used a neodymium mped glass laser with an output of 60 J in 39 nsec, 
a beamdiameter of 32 mm, and a full angle, half power beam divergence 
of 200 prad to produce a plasma by irradiation of a 250 m diam (approx- 
>) a Experiments were 


also conducted using silver and aluminum discs. The spontaneous fields 


imate diam of focal spot) fiber of Lucite (Hoi 


were observed with magnetic probes (inductive loops) as the plasma 
streamed into various pressures of nitrogen background gas. They re- 
ported that: 
(1) The magnetic fields were seen as pulses which propagated with 
the same velocity as the front of the laser plasma. 
(2) The magnitude of the fields was insensitive to background 
"pressure in the ës Nene o mleorr to 200 mlorri 
(3) The fields were primarily azimuthal (cylindrical-polar coordi- 
nates) and corresponded to conventional current flow in the 
direction of the laser beam. 
Me The maximum fields varied as rl in the radial direction for 
distances less than 1 cm from the target. 
(5) The duration of the fields at probe positions near the laser 


impact point was approximately that of the laser pulse. 
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(6) The maximum fields observable vere of the order of a kiloguass 
Au zabout Cm. 

(7) Magnetic fields were also spontaneously generated in the laser 
plasmas produced by irradiation of the aluminum and silver 
discs. The maximum fields produced by laser irradiation of 
aluminum were an order of magnitude larger (~ 10? gauss) than 
those produced by irradiation of silver. 

The generation of these fields was explained in terms of thermoelec- 
tric currents associated with large temperature gradients existing near 
the target surface during the time the laser irradiates the target. In 
their theoretical analysis of the origin of the fields, they neglected 
any interaction that might occur between the laser plasma and the ambient 
background plasma, although they pointed out that because of the strong 
(observed) coupling of the expanding laser plasma to the ambient back- 
ground plasma, their simplified model would need re-examination at later 
times in the expansion of the laser plasma. They derived an equation 
for the development of the magnetic field by starting with a generalized 
Ohm's law, neglecting electron inertia and ion pressure. Their result 
was 

Brody td VË 4 SË, (1) 


O 
> ` 
where S(r,t), the source term, was shovm to have a non-zero value if 


VkT Vn 
sa ¿L + 0 (a complete discussion of the derivation of Eq. (1) 
e 


is given in Section IV. C). 





B. THE DISCOVERY OF THE PRESSURE DEPENDENCE OF THE SPONTANEOUS MAGNETIC 
FIELDS 
Shortly after the discovery of the spontaneous magnetic fields by 


Stamper et al. an extensive study of such fields was begun by L. L. HcKee 


Lë 





at the Naval Postgraduate School [ Ref. 12] sin particular seine depen 
dence of the magnitude of the fields on the power of the incident laser 
beam and on the ambient pressure of nitrogen background gas was studied. 
jetanrled spatial mapping of the fields for pressures of 0.l mTorr, 
err and 250 mlorr was conducted. The study was carried out using a 
300 MW (7.5 J and 25 nsec) neodymium-doped glass laser, a Mylar disc 
Gemeet O: 5 mil thickness, and glass enclosed inductive loops for field 
characterization. During McKee's investigation the following observa- 
tions were made: 

(1) The maximum fields detected at a fixed position exhibited a 
systematic dependence on the nitrogen background pressure. 

(2) The fields were symmetric about the target normal (the z-axis 
in Fig. 1), although the laser beam was incident at an angle 
of 30° with respect to the target normal (Stamper had reported 
azimuthal symmetry for the case of normal incidence). 

(3) The total magnetic field energy at any given time in the ex- 
pansion phase of the laser plasma was dependent on the nitrogen 
background pressure. | 

(4) The maximum magnetic field signals occurred earlier in time at 

teen oer N, re 0.1 mTorr N, for axial positions close to 
the target (distances less than about 1 cm). As a result of 
this, on the spatial plots of the fields the axial position of 
mae maximum fields at 250 mTorr N, appeared to "propagate" 
ahead of those for 0.1 mTorr N, at early times in the expansion 
of the laser plasma ( t< 200 nsec). 


(5) After several hundred nanoseconds, a relatively small magnitude 


Fiel a direction opposite to the direction of the initial 


Hp 





field appeared behind the initial fields. This reverse field 
appeared sooner in time for a pressure of 250 mforr than for 


Doll > mrorr. 


To explain the observed pressure dependence McKee noted that Dean 


[Ref. 8) y using the same experimental arrangement as Stamper et al., 


had apparently observed the formation of a density shell at the front 


of a laser plasma streaming into an ambient nitrogen background plasma. 


Dean found that: 


a) 
(2) 


(3) 


(4) 


A well defined expanding interaction front existed. 

The dynamics of the expansion of the front were dependent on 
the pressure of the ambient nitrogen background gas. 

The density gradients in the shell depended on the pressure of 
the ambient nitrogen background gas. The shell thickness, § , 
scaled approximately as the inverse cube root of the nitrogen 
background pressure, decreasing from 2.4 mm at 25 mTorr to 1.2 
mm at 200 mTorr. 

The dynamics of the expansion suggested a strong momentum 


coupling between the laser plasma and ambient background plasma. 


The average expansion velocity of the front during laser irrad- 


“ Jation of the target was inversely proportional to the cube root 


of the ambient pressure from about 30-250 mTorr HMH, pressure. 


2 


McKee used Dean's results, arguing that in his experiment the am- 


bient nitrogen plasma would be "swept—up" at the front of the expanding 


laser plasma and a density shell would be formed. He never actually 


described the overall shape of the plasma spatial density profile that 


he had in mind, but from his discussion a profile similar to the one de- 


picted belowwcan be inferred. 
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Density Shell 


Laser ("swept-up'" ambient plasma) 


Plasma 


This profile is symmetric about the z-axis (which extends out from the 
center of the laser impact area as shown in Fig. 1). 

The shell would contain a density gradient in the same direction 
(ES. the negative z-direction) as exists at the front of the laser 
plasma. McKee suggested that the interaction between the laser plasma 
and the ambient plasma would cause the "swept—up" background to be heat- 
ed in the density shell in such a way as to produce an electron tempera- 
ture gradient in the same direction (i.e., the negative radial direction) 
as the temperature gradient produced by laser irradiation of the target. 
vale 


hen 






| Wala 


Z 


Therefore, he stated that additional fields would be produced in the 


density shell and they would be in the same direction as the fields pro- 





> 
Vn 

duced at the front of the laser plasma, since oF and Š oë VI x = 
e n 

e 


(the first two terms on the right hand side of Eq. (1) are not magnetic 
field source terms; both terms are functions of B and they vanish in 
the absence of a magnetic field). The magnitude of these additional 
fields would vary as Wat x Ss, Patel e This explains the 

e 
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observed pressure dependence, since Dean had already shown that Ó was 
inversely proportional to the cube root of the nitrogen background pres- 
sure, McKee stated that IVT. | would be independent of the ambient 
density since it resulted from the relative velocity between the laser 
plasma and ambient background plasma and, furthermore, that it would be 
of approximately the same magnitude as the radial temperature gradient 
produced by the laser irradiation of the target. McKee also argued that 
the observation of the axial positions of the maximum fields at 250 mTorr 
N, "Dropagating" ahead of those for 9.1 mlorr at early times in the ex- 


Panemon could be explained by his model, since at 250 mTorr N most of 


27 
the fields would be produced in the density shell at the front while for 
O MITO TI N, the fields would be produced behind the front of the ex- 
panding laser plasma. Although he did not elaborate the discussion fur- 
ther, he appears to have meant the following. Kor a backsround On 70.) 
mio N, no shell forms and the maximum fields are formed near the front 
of the expanding laser plasma and convected away with the plasma as it 


expands. For a background of 250 mlorr N, the maximum fields are pro- 


2 
duced in and convected away with the density shell as the laser plasma 
expands. Since (according to McKee) the density shell is initially found 
at greater axial distances (t < 200 nsec) than is the field producing 


emi for plasma expansion miro. mlorr N the axial position or 
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maximum fields for expansion into 250 mTorr N, "propagates" ahead of 


the axial position of maximum field for expansion into a background of 


0.1 mTorr Noe 


To explain the appearance of reverse fields at late times, McKee 


argued that, since the density gradient behind the shell was in the 


opposite direction to the density gradient at the front of the shell, 
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the sign of the source term would change. To explain the occurrence of 
reverse field earlier at 250 mTorr he argued that collisional heating 
would take place behind the density shell at 250 mTorr thus increasing 


the magnitude of the radial temperature gradient. 
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III. THE THESIS PROBLEM 

McKee's explanation of the observed pressure dependence of the 
fields was based almost entirely on the results obtained by Dean. 

This was necessary since he had no experimental information concerning 
the interaction between the laser plasma and the ambient background 
plasma. Indeed, he had no way of determining the position of the mag- 
netic fields relative to the streaming plasma. 

The initial problem in the present investigation was to develop a 
Beemoue to obtain density data in addition to field profiles in an 
attempt to verify the McKee model. In addition, McKee had observed a 
significent z-component of the fields during his investigation and its 
origin required further investigation. Since the pressure dependence of 
the fields had only been examined for a Mylar laser plasma streaming in- 
to a nitrogen background plasma, the pressure dependence of the fields 
for various background gases required examination. 

This thesis reports the results of an investigation in the problem 
areas Cited above. In particular, the location of the magnetic fields 
relative to an aluminum laser plasma was spatially mapped for pressures 
Br 5, 250 and 700 mTorr No» It was during this mapping that a sig- 
“nificant discovery was made, namely that at high pressure ( 2250 mTorr) 
spontaneous fields were created long after laser shut-off and in a di- 
Peron Opposite to that of the initial fields. An examination of the 
corresponding density profiles showed that these "reverse fields" were 
developing at the front of the laser plasma. This discovery was sig- 


nificant because it provided a direct test of the McKee model and also 
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because it demonstrated that field production was not specific to a 
laser-produced plasma, but might also occur in fast moving plasmas 


generated by other means, as for example, by a theta-pinch or a plasma 


Sun. 
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IV. THEORY 


A. LASER-PRODUCED PLASHAS 

The production of a plasma by irradiation of a solid with a Q- 
Switched laser has received considerable attention in the last ten 
years and an excellent review of the papers published on this subject, 
both theoretical and experimental, is presented in Ref. 1. A theo- 
retical treatment of the production of the plasma in a vacuum is quite 
complicated since many phenomena must be considered. To describe 
plasma production by a Q-switched laser with a flux density in excess 
of 102 Hien", the initial absorption of the laser radiation by the solid, 
the thermal ionization of the ablated target material, the subsequent 
eesmpbion or the laser radiation by the target blow-off material, and 
the re-radiation by the hot plasma should all be included. Several 
theoretical models have evolved, each emphasizing one particular aspect 
of the laser—plasma interaction and each giving reasonable treatment of 
the phenomenon with which it deals (Ref. 3 . Although, at present, 
there are no models that combine all the phenomena mentioned above, a 
reasonably consistent re of the processes and interactions that 
occur when a high-power Q-switched laser beam interacts with a solid 
` surface, in vacuo, has emerged. 
The plasma is first created by the heating and vaporization of 


the target Se It expands at a relatively constant velocity 





For a Nd-doped glass laser LL. O6H ) impinging on a copper target, 
the skin depth is the order of 10 cm (Ref. 5] ; 
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until the electron density in the front drops below the critical den- 
sity 2° It then accelerates as the radiation is absorbed ın the front. 
Shortly after the arrival of the peak intensity of the laser pulse at 

the target (as the incident light flux begins to decrease), the plasma 
front again vropagates at Constant velocity [Refs. 2 and J = Thus, 
three distinct stages appear during the oe of the expansion of the 
ablated target material. 

The last two stages appear quite differently when the expansion 
is into an ambient background gas rather than into vacuum, The expansion 
of the plasma in the presence of a background gas will be treated in the 
next section. 

A simplified one-dimensional model treating the observed (vacuum) 
heating and acceleration of. the plasma (second stage) and fashioned 
after the treatment by Haught md Polk [Rer. e] has been given by Ready 

[Rer. 2] e In this treatment it is assumed that: 

(1) The target is initially a cold fully ionized plasma (the ioni- 

gation process can be neglected). 

12) The plasma expands in one direction away from a surface lo- 

cated in the plane z=0 (see Fig. 1). 

(3) The plasma absorbs the incident laser radiation via free-free 

| transitions of the electrons in the presence of the ions 


(inverse bremsstrahlung). 


x The critical density for the laser plasma is the density at which 
the electron plasma frequency is eaual to the frequency of the laser 
radiation (n =u“m € Jet. At electron densities above the critical 
density the “ laser plasma reflects most of the EEN radiation. 
M tical density for 1.06 # radiation is ~10~ cm 7. 
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(4) Radiation losses can be neglected. 
(5) The pressure can be approximated by Pep (1-5), where P_ is 
the plasma pressure at the target surface and Z is the position 
of the plasma front. 
(6) The electrons and ions share a common a 
(7) T is independent of position (no temperature gradients exist). 


(8) The plasma expansion velocity has the time independent form 
0 

-JK dz 
Ce, 


àZ /z 
Bola, (7): 


(9) The power absorbed by the plasma is W= QA(l-e ) where 


mee os the laser irradiance, Ky, is the absorption coefficient 
(Ref. 5) y and A is the cross-sectional area of the beam. 

The plasma temperature can be determined by equating the rate at 
Eichstihe plasma absorbs energy to the sum of the rate of change of 


plasma thermal energy and the rate at which work is done by the plasma 


Meee ` o r Ga t n AKT - 5.07 . (2) 


3 The temperature of the plasma treatediere can be shown to be of 
the order of 100 eV. Although considerable line radiation from ions 
predominantly in charge states III and IV is observed from such plasmas, 
the bremsstrahlung continuum in the range 20-6000 A will dominate the 
.radiation energy loss. If one assumes a temperature of 100 eV, an aver- 
age 1on number density of approx 1929 cm=3, an averase ion charge state 
of three, and a plasma volume of approximately SE cm3, then brems- 
ne radiation is ,emitted by the plasma at the rate of approximately 
107W during the time of the laser pulse. The volume was estimated by 
assuming a total of 1016 11 + jons are produced by tne laser irradiation 
(see Section IV. E) and requiring that n, ~ 10°! cm” 

E Mine equipartition time for transfer of SE SE from SE 1 
trons to ions can be approximated by E ~ 25 (m TE“ (RK) [nelem ~) z] 

[Ref. 5] e For the same conditions assumed in footnote Bart es << 1 nsec. 
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The work done by the plasma in the expansion increases the plasma 


kinetic energy so that 


K dz di jl diz 2 
32 dt dt (3030, d nom) GP (3) 
By integrating Eas. (2) and (3) from zero to Z and using the result 


as 

W=A f n (1 - 5) = An Z/2, where N is the total number of ions or elec- 
0 

trons in the plasma and n. is the corresponding number density at the 


surface of the target, Ready obtained the equations 
> 2 
diaz 
A 7 = [N m; t N Me) Z/6k (N; + N.)] = (4) 
dZ 
ER [24 (N m, + Hai W (5) 





These coupled equations were solved numerically by McKee for the 
conditions of this experiment. The maximum temperature obtained was 
of the order of 100 eV and this maximum occurred a few nanoseconds after 
the arrival of the maximum laser intensity at the target. 

nis simplified model, the plasma temperature and the position 
of the plasma front have been calculated for the case of a laser-pro- 
duced plasma expanding under vacuum conditions (i.e., if a background 
is present, it is of such a low density that no interaction occurs be- 
tween the laser plasma and the background). However, in the present 
investigation, the presence of a background gas (pressures above 1 mTorr) 
is observed to influence e plasma expansion dynamics and the produc- 


tion of a spontaneous field. Therefore, one cannot neglect the effect 


of the presence of an ambient background gas on the expansion dynamics. 


B. THE INFLUENCE OF A BACKGROUND PLASMA ON THE LASER-PLASMA EXPANSION 


DYNAMICS 
The optical radiation flux from a dense, hot laser plasma is known 
to be mech in lines of highly stripped ions in the far ultra-violet and 


near X-ray regions. This flux, in addition to the bremsstrahlung 
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radiation mentioned previously is energetically capable of ionizing 
an ambient background gas (the longest wavelength energically able to 
ionize helium is approximately 540 D. 

Koopman [Ref. J has investigated the photoionization (background 


of He, H,, Ar and Xe) produced from a plane copper target irradiated 


2°, 
by an 8 J, 20 nsec ruby laser. His study indicated that the back- 
ground gas was completely ionized to distances of the order of a centi- 
meter and that at large radii the degree of photoionization fell as 

Be, He estimated the total optical energy emitted between 1090 and 209 
Mito be approximately 1 + 0.5 J (5%-15% of the laser energy converted 

to ionizing UV radiation). In a previous report [Ref. 7 using a 6 Je 
30 nsec ruby laser and various target materials, Koopman Teported a 
Similar result. Therefore, when a laser-produced plasma expands into 

an amblent background gas, one must consider the effects of plasma— 
plasma interactions on the expansion dynamics. 

mae fact that an interaction between the laser plasma and the am 

bient background plasma does occur at early times in the plasma expan- 
Sion has been well established (Refs. m ss sana 9] : 

Dean [Ref. 8] found that: 

(1) During the period of laser irradiation of the target (early 
time), the average expansion velocity of the plasma luminous 
front varied inversely as the cube root of the ambient back- 

while the 


2 2° 
radius of the front (for a given pressure) varied as 9.6. 


ground pressure between 30 mTorr N, to 250 mTorr N 
(2) At later times the radius of the luminous front varied in- 
versely as the cube root of the ambient pressure ( same pres- 


sure range) and directly (given pressure) as u 
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Dean suggested that the results could be explained by a model vhich 
supposes that the early-time dynamics of the laser plasma expansion 
correspond to the propagation of a radiation-driven detonation wave and 
that at later times the plasma expands as a blast wave. This model 
assumes that early in the expansion there is momentum transfer between 
the expanding front and the ambient background plasma and that, as the 
front propagates into the background plasma, further energy from the 
laser is absorbed behind the front and is transported to the front by 
heat conduction. At later times (after the end of the laser pulse) all 
the momentum in the driving laser plasma piston is assumed transferred 
to the "swept—up” background plasma which propagates as a blast wave. 
eamearso Suggested that if the observed coupling is strong, i.e., if 
the background plasma is being excluded by and moved by the front, then 
Peewee GOWN and transition from detonation wave to blast wave should 
© soit approximately at a radius such that the mass of displaced ambient 
plasma equals the initial piston mass. 

Earlier, Ramsden and Savic [ Ref. 10] had proposed a similar model 
vor explain the results of their investigation of the development of a 
laser-irduced spark in air. They used a .2 In eVansec ruby asni 
produce gas breakdown in 200 mTorr of air. By using streak and image 
converter photography they were able to show that a luminous front de- 
veloped which propagated back toward the laser. During the period of 
laser irradiation they observed that the radius of the front varied as 
¿105 while after irradiation ceased the radius of the front was pro- 
portional to E They interpreted the initial phase of the expansion 
oÍ the spark as corresponding to the propagation of a radiation driven 


shock wave while the late time propogation vas interpreted as 
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corresponding to the propagation of a blast wave. They derived an ex- 
pression for the average expansion velocity of the radiation-driven 


detonation wave given by 


T - 201 - DW 1/3 
weiht 
where W is the energy absorbed from the laser beam throughout the time 


Bu? (6) 
Gnterval, At, during which the wave is driven, r is the focal spot 
radius, and p is the ambient gas (plasma) density. Actually, the 
equation they derived, which was also used by Dean, was incorrect in 
that they mistakenly used the density behind the front instead of P, 
in their derivation of V (Ref. 11] e 

Hall (Ref. 9] investigated the dynamics of the expansion of a laser 
plasma into an ambient background of argon. The plasma was produced 
My irreadiation of a tantalum slab with a .5 J, 20 nsec ruby laser. 
Using an image-converter camera and double probes for diagnostics, he 
found that the late time expansion dynamics of the laser plasma could 
be explained by blast-wave theory, i.e., 1! “% Die gale 

O 

Thus, the presence of a background gas (pressures above 30 mTorr) 
influences the expansion dynamics of a laser-produced plasma, even as 
the laser is irradiating the target. The effect of this interaction 
between the laser plasma SH the ambient background (plasma) on the pro- 
metjonvof spontaneous emi will be discüssed in Section VIII. In 
the following sub-section, the equation governing the development of 


the spontaneous magnetic fields will be developed. 


TIA PRODUCTION OF SPONTANEOUS MAGNETIC FIELDS 
As mentioned earlier, the accepted model for production of the 
laser plasma requires absorption of the laser energy by the electron 


fluid. The ions are subsequently heated via electron-ion collisions. 
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Thus, during the initial heating and acceleration of the laser plasma, 
one can assume that T, 21, and the electrons can be considered to 
exist in a background of stationary ions. 


The equation of motion for He electron fluid is 


oV 
e > > >> > A 
AÑ ° = = x E ° + 
I + (V_+V)V,) = -n e(EtV xB) - VP) + C, (7) 
where V (E, t) is the average electron velocity, Ë(r,t) and B(r,t) 


are the averaged electromagnetic fields, P_ is the kinetic stress 


Bensor, and Ps represents the momentum per unit volume per unit time 
iransierred to the electrons by the ions through collisions. 

This equation can be simplified through the use of several approxi- 
Mations. If one assumes that the random velocity distribution within 
the volume under consideration is isotropic (i.e., the electron-electron 
collision time T, is much less than the characteristic time for field 
Production) then Vep, reduces to the electron pressure gradient, DS 
If the macroscopic flow velocity of the electron fluid element is small 


kapal 1⁄2 


vith respect to the random thermal velocity of the electrons = 
e 


then the convection of the electrons can be neglected and the convective 
I 


V 
iU live — L (Ç -WV reduces to A ote: nan 
ot e € ot 
laser plasma produced in the present investigation, the asymptotic ex- 
pansion velocity of the plasma front vas of the order of 10! 


cm/sec 
(assuming no interaction). Assuming an electron temperature of 100 eV, 


p + ktej 9 
one can shov that el “a “10 and the above approximation would appear 
e 





acceptable. The left-hand side of Eq. (7) can be reduced further if 

the frequencies of interest can be shown to be low enough so that elec- 
‘tron collective effects are not POL Lant,) tees, Ee where & is 
the electron plasma frequency. If this is the case, the electrons can 
be considered massless (react instantaneously to applied fields) and the 
left-hand side of Ea. (7) can be set caual LO zero, 
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One can approximate the ratio oj u E where w pelne) 
is the plasma frequency at the critical density and T is the rise 


= 1 e 
time of the laser pulse. Thus E ~ 107! Ww .(n,) v 10 ope ern 





pe 
sec) and setting the left-hand side of Eq. (7) equal to zero ap- 
E 
pears acceptable. If one approximates SES by the Joule or resistive 
n ej 
drag term, — , then Eq. (7) can be written 
G 
> > 
A 9 (8) 
O e ne e 


One can obtain an eauation describing the initial development of 
the spontaneous magnetic fields by taking the curl of Eq. (8) and using 


the Mexwell equations. The result is 


> VkT Vo 
Be s Zen E (9) 
s = Vx (3) OEP 


Mie first two terms on the right hand side are the flow and diffusion 

Borms. The generation of an initial magnetic field requires that the 
=> 

last term, the thermal source term (S) be non-zero [Ref. 12] . In de- 


riving Eq. (9) use was made of the vector identity V*<(fVA) = Vi x VA. 


A r 
Also, in writing P =n Kl the isotropic velocity distribution has been 


assumed to be Maxwellian. 5 


During most of the times of interest in this investigation, the ratio 
of the flow term to the diffusion term in Eq. (9), known as the mag- 
netic Reynold's number, R, can be shown to be greater than one” so that 
field diffusion can be neglected. Thus Eq. (9) can be reduced to 
VkT .. Vn 


> 
OB v. e e 
or Ç x (V xB) + S x a. ( ) 


Physically, Eq. (10) expresses the fact that the rate at which the 





the fields vary in a region depends on the rate at which tke fields 


are created in the region end the rate at whicn the 





2 The magnetic Reynold's number can be el: by R = Wo0LVe 
Meee As @ characteristic length. Thus,for UA 19 (sec, T =19 eV 
and L=1 cm, R=60. 
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fields flow out of the region. It also expresses the fact that the 
initial generation of spontaneous fields by the thermal source term 


can occur only if non-adiabatic conditions exist in the field produc- 


tion region. 

For adiabatic expansion, ie = const. (T=T(n,)) and the source 
term vanishes ( VT. X Vn, % Vn, X Vn, = 0). Thus, non-adiabatic 
conditions are required for the generation of the magnetic fields by 
the thermal source term. This means that the energy must be sup- 
Med to the electrons at a sufficientiy high rate that there is an 


imbalance between the rate per unit volume at which internal energy is 


supplied to the electrons and the rate per unit volume at which they 


du ot ara 
do work on % e GEI Stamper has suggested that the ratio TT 


might serve as a useful measure of the non-adiabaticity of the plasma 


: dQ. s : 
production process, “Ngee oe” is the rate per unit volume at which the 


dt 
Mmeaeer energy 1s supplied to the electrons. Stamper approximated 


by the product of the absorption coefficient (KU) and the radiation 
k | au Bet JE 
intensity mo), while — was approximated by SC > Lei being the 
ei 
electron-ion thermalization time. During the time the plasma is ab- 


aQ/at 


31731 ıs of the order of one 


sorbing the incident laser radiation, 
(for the conditions of this investigation) and the plasma, indeed, 
appears non-adıabatic. 


The question arises as to whether the thermal source term can 


actually generate field intensities of the order of those observed. 





£ E Ea 
e ve _ Te? P om 

MEE Cart Teinekte where K, Toy? Toy is the electron- 
ion collision time, and n is the index of refraction of the plasma 
(which can be approximated by one). 
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If so, hov large are the maximum fields and vhere are they located vith 
repect to the laser impact area? In a recent investigation by computer 
simulation, Widner (Ref. 22] , using the thermal source term for the 
magnetic fields, has obtained very large magnetic fields (megagauss) 

in the focal spot region. The laser-target configuration considered 
assumed cylindrical geometry with axial symmetry and a semi-infinite 
planer target. The laser beam was assumed to possess uniform spatial 
intensity, constant temporal intensity, and a finite radial extent. 
webcam impinged axially on the target, which had an initial, finite, 
axial density gradient. Both field diffusion and field convection were 
neglected, and the plasma expanded into a vacuum. The thermal conduc- 
tion time-scale was assumed to be much faster than the hydrodynamic time 
scale. Widner found that the spontaneous magnetic fields were Bene 
drven by 2 temperature gradient near the target surface in the negative- 
radial direction as had been suggested by Stamper. This temperature 
gradient is a consequence of the finite radial extent of the laser beam 
and occurs near the radial edge of the laser heated region of the 
plasma. Because of the fast thermal-conduction timescale, the tempera- 
ture gradients rapidly decay after laser shut-off. 

From Widner's EE one can conclude that the radial tempera- 
ture gradient occurring at the edge of the laser impact region can 
generate (through the thermal source term) very large azimuthal magnetic 
fields during the time the laser irradiates the target. These fields 


are in the same direction as the spontaneous fields observed by Stamper 


and McKee, 
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V. EXPERIMENTAL PROCEDURES 


A. LASER 


The laser used in this investigation was a Korad-K-1500 Q-switched 
neodymium-doped glass laser. The laser consisted of an oscillator and 
a single amplifier stage. The Q switch was a Pockels Cell. The laser 
system was operated at a power level of 300 MW, which was obtained 
with a pulse width (full width of half-maximum) of 22 nsec. The out-— 
put of the system varied within about 10 per cent of 300 IW and no 


data were accepted if obtained at power levels outside this range. 


B. LASER MONITORING TECHNIQUES 

The beam was monitored with a Korad k-Dl photodiode. This photo- 
diode provides a signal proportional to the laser power and also in- 
tegrates this output to give another signal sich is proportional to 
the laser-pulse energy. 

About one per cent of the beam was reflected by a beam splitter 
to a MgO diffusing block for viewing by the photodiode (see Fig. 2). 
The scattered light E passed through a 0.1 per cent neutral density 
filter E entering the photodiode. The power signal was displayed 
on a Tektronix 7904 oscilloscope and the energy signal was displayed 
on a Tektronix 564B storage oscilloscope. 

The photodiode energy signal was calibrated by L. L. McKee (Ref. 19) 
by using a Westinghouse RN-1 Laser Radiometer. The radiometer provided 
an absolute measure of the energy incident at the target which allowed 


calibration of the diode's integrated signal. 


35 





The energy output of the laser vas monitored on cvery shot, while 
the pulse width was checked at the beginning and end of each qata 
taking session. For energy outputs vithin 19 per cemi of 626 J, the 
pulse width (full width at half-maximum) was consistently 22+ 1 nsec. 

The arrival time of the laser pulse at the target was computed by 
tding into account the various cable delays and the laser beam path 
length. The zero time in this investigation was taken as the arrival 
time of the laser pulse, which was defined to occur 22 nanoseconds prior 


to the arrival of the maximum intensity at the target. 


C. PLASMA CHAMBER 

The target was located in a chamber which was specially constructed 
by McKee to facilitate the diagnosis of the laser plasma by use of 
probes and by optical means (see Fig. 3). The inside volume of the chan- 
ber was cylindrical with a diameter of 10 inches and a height of 6 
wenes. All ports shown in Fig. 3 are circular. 

The beam entered the chamber after passing through a 28 cm focal 
lerpth lens and struck the target at an angle of 30° to the flat tar- 
get's normal. Since the laser plasma expands along the target normal 

(Ref. 2) milluminating at-a Boja angle permitted probing the plasma 
along the z-axis (at axial distances greater than 4 mm) without the 
laser beam striking the probes. 

The target was a flat disc of aluminum 1/32 inches thick and about 
2 inches in diameter. The target was rotated after approximately 20 
shots to prevent severe cratering of the target in the laser impact 
area, although there was no noticeable effect on the character of the 


probe signals after the same impact area was irradiated as many as 40 


times, 
f 
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The chamber was pumped to a vacuum of about 5 X 1977 Porr of air 
by an oil diffusion pump. Vacuum pressures lover than l mTorr were mea- 
ith an ionization gauge. Pressures in the range from about 
1-1000 mTorr were measured with a thermocouple gauge, while above 1 
Torr pressures were monitored by a manometer filled with diffusion 


pump oil (octoil). 


D. MAGNETIC PROBES 

ieeerrobe Construction and Calibration 

The magnetic probe used in this investigation consisted of five 

turns of #40 Formvar copper wire with a diameter of about 1 mm. The 
probe circuit response was linear, with an effective area of the in- 
Bmetive loop of 7.2 A REH cm“, for frequencies below about 30 MHz 
(see Fig. 47). The effective area (nA) of the probe was determined by 
gnsertion of the inductive loop into calibrated Helmholtz coils and re- 
cording the voltage signal output LI. across the impedance of the cable 
kee e the probe and scope. The details of the construction and 
calibration of the coils and probe are described by McLaughlin (Ref. 19 . 

2, Probe Signal Inteeration 


The response of the inductive magnetic probe is given by 


dB 
V = Se (11) 


k dB p dt 
vhere == is the time rate of change of the component of the magnetic 
field normal to the plane of the coil and it has been assumed that the 
Mete induction is constant over the coil area. In order to obtain 
Signals proportional to the magnetic field itself, the output of the 


probes was integrated with a passive RC integrator. This integrating 


unit and its relations to the other probe circuit components is illus- 


trated below: 


SA 





O'scope 


| 1 
C I V 

| 
T 


Vo represents the voltage signal output from the probe across the 
impedance of the cable, Rand V represents the voltage of the in- 


tegrated output from the RC integrator. V is simply the voltage across 


the capacitor, C, and is given by 





to =V 
V= = J > dt (r2) 
V —V 0 
where ` nE current ın the circuit passing through R, 


If RC is large compared to the integration time, V will be 
much smaller than Gen and the integrand simplifies me To see that 
this is so, consider the simple example of a constant voltage, V 
applied eu t=0. Then the voltage drop across the capacitor, C, is 
given by | 

TA, (l-e ~t/RC = V (t/RC t/RC) +...) (13) 
If Ee < 0.1, then the second order and higher terms may be dropped, 
and the error introduced is < 5%. The rule of thumb whereby V can be 
neglected compared to RS is then that RC exceed the total observation 
time by actor of at least 10. 


When the expression for V_ in Ea. (11) is substituted into 


Eq. (12), the result (assuming a linear probe response) is 


nA 
VS ra | (14) 


The integrator time constant was checked by lickee by inte- 
grating sinusoidal sigmals of frequencies comparable to those of the 
Spontaneous magnetic fields (1-10 Ez). The time constant is then 


given by V,/2T£V 
i O 
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assuming, of course, that the requirement Elek reg, 
Here, V, is the sinusoidal input (1) to the RC integrator and V is 
the integrated output. McKee determined the value of the time constant 
Bebe RC=3.7 X 107° sec. Therefore, the requirement that 2Znf RC2 20 
was satisfied. Since the magnetic fields were observed as long as 
l psec, their lowest fundamental frequency was about Ken stë so 
hat 2m£ RC>20 and the RC time constant was acceptable. 

The conversion factor between the magnetic field and the out- 
koi the RC integrator becomes 

B= 5.2V (15) 

rs o> is in gauss and Vis in millivolts. Since the circuit response 
linear only to frequencics of about 30 MHz, magnetic field signals 
With risetimes less than 30 en be seriously distorted and Eq. (15) 
ll Not be valid. 


\ 
DE robe signal Reliability and Sensitivity 





Several steps were taken to insure that the magnetic probe sig- 
als were meaningful, The probe was carefully shielded by covering it 
with metallic braid to reduce electrostatic noise pickup. To check the 
effectiveness of the an the probe signals were monitored under 
experimental conditions for which no target was in place to verify that 
a null signal was obtained. Also, the probe coil was rotated by 180° 
and the probe signals were checked to make sure that they reversed in 
‘polarity. This demonstrated that the signals were not electrostatic 
in nature. Further, the signals obtained by passive RC integration were 
checked by McKee to insure that the RC integrator gave results comparable 


with those obtained by numerical integration of the direct SZ signals. 
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The values of B obtained by the two methods agreed to within 5%. The 
magnetic field signals were recorded on a Tektronix 7904 oscilloscope 
with a maximum vertical sensitivity of 1 mV/division (centimeter divi- 
sions). Since the minimum discernible signal was less than 1 mV, 


magnetic fields as low as 1 gauss in magnitude could be resolved. 


E. ELECTRIC DOUBLE PROBES 
1. Probe Theory 

When a potential difference is applied between two electrodes 
immersed in an ionized but macroscopically neutral gas, the OS 
ions will be attracted towards the negative electrode and the elec- 
trons will be attracted towards the positive electrode. That is, the 
applied electric field attempts to destroy the neutrality of the plasma 
by separating the positive and negative charges. This charge separa- 
Bon wall occur in the immediate neighborhood of the two electrodes, 
the buik of the plasma remaining charge neutral. The regions adja- 
cent to the two electrodes in which plasma neutrality no longer exists 
are known as the "sheath regions" and it is in these regions that most 
DË the applied potential difference is developed. When the two elec- 
trodes are of comparable surface area and the entire system (electrodes 
plus biasing potential) is isolated from ground, i.e., the entire 
System "floats" with the plasma and therefore follows the change of 


plasma potential, the system is called a double probe system. 


4 
vë 
Probe 1 
d 
See 
geg 
pl doo I o 1,7) 


Plasma 
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Assume that the double probe is immersed in a plasma and that initially 
V-0. If the electron and ion temperatures are equal, then the random 
electron flux (J) to the probe tips will be much larger than the ran- 
dom ion flux. The probe tips will collect a net electron eurrent until 
the electron and ion fluxes to each tip are equal. The probe tips will 


then be at a potential below the plasma potential. 


v=0 
Plasma Potential 








Probe 1 Probe Potential Probe 2 


As V is increased, eventually all the electrons will be repelled from 
probe 2, which will then be collecting the random ion current J A. 
This is the maximum current that can be drawn by the isolated double 


probe system. 


Plasma Potential 


Probe 1 Probe 2 





Notice that since |J_| >| | , probe 1 will still be at a negative po- 
tential with respect to the plasma. 

As previously mentioned, the initial thermal energy of a laser 
Produced plasma is rapidly converted to ordered flow kinetic energy 
at least for plasma expansion into near vacuum conditions. The conver- 
Sion appears to have taken place by the time the plasma has expanded 


to dimensions on the order of .01 to .10 cm (Ref. 14] 2 
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In the floving plasma, the charge neutrality condition 
e, requires that the mean flow velocity of the electrons and 
ions be equal. Therefore, the ordered kinetic energy of the plasma 
is largely due to the ions because of their greater masses. 

e If one assumes that the ions and electrons of an aluminum 
laser plasma have a common temperature of 190 eV and a streaming 
velocity of 5 X 10° cm/sec, vhensthnerratıo of the Ton Kinetic energy 
IIS ion thermal energy is approximately 4, the ratio of the elec- 
ron kinetic energy to the electron thermal energy is approximately 

7 OT”, and the ratio of the electron thermal velocity to the ion 
streaming velocity is approximately 100. Consequently, the ion cur- 
rent to a probe placed in this streaming laser vlasma is dominated by 
the 10n directed velocity while the electron current to the probe is 
S oy “he electron random thermal velocity. Actually, the conr- 
ditions assumed above are somewhat pessimistic, as for most of the 
data taken in this investigation the ion temperature is probably less 
than 100 eV and the ion streaming velocity is greater than 5 X | ny 
sec, Since the maximum current drawn between the elements of a double 
probe is limited by the ion current to the probe (ner. 20] ‚ che current 
measured by a probe et saturation and in an environment such as 


the one discussed above is 





as Ti 16 
I~ A; i, Ze Vy (16) 
where Aj is the probe area perpendicular to the directed plasma flow, 
n.Ze is the average ionic charge per unit volume in the laser plasma, 
and Vip is the magnitude of the plasma streaming velocity. 


imewriting Eq. (GOJË it has been tacitly assumed that the areas 


of the probe tips are equal, that the plasma parameters are uniforn 
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across the probe tips, and that plasma-probe interactions such as 
secondary electron emission due to ion bombardment can be neglected. 

Since the probe used in this investigation had tips of equal 
area vhich vere alvays placed in a plane perpendicular to the axis of 
symmetry of the expanding plasma, the first two conditions were satis- 
jed, The secondary electron emission coefficient due to ion bombard- 
K>: (Y, ), defined as the average number of electrons ejected per in- 
cident ion, has been measured by Koopman Ref. 21] for similar 
experimental conditions and falls in the range of 0.0-0.5. Therefore, 
secondary electron emission will contribute to the total current dravm 
between the probe tips. However, Y; is a very weak function of the ion 
kinetic energy in the range of energies expected in the present inves- 
tigation and its contribution to I can be taken to be a constant over 
L O of ion kinetic energies encountered (Ref. 26] . Consequently, 
Eq. (16) becomes 

L ° (1te)A, 0,2 ER p (17) 

To minimize the secondary electron emission current drawn by the double 
probe, the probe was operated at a potential just above saturation. 


ince I, Aj and V p are measurable quantities and € is a con- 


L 
stant, one can use Eq. e obtain relative density profiles (n,Z) 
which are felt to be reliable. To obtain the absolute magnitude of the 
ion densities one must know both Z and €. 
ee Probe Construction and Sensitivity 
The isolated double probe is the logical choice for use in 
probing a laser plasma at distances of the order of a few centimeters 


from the laser impact point for two principal reasons. First, one does 


not have to allow for rapid fluctuations in the plasma potential because 
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the isolated double probe maintains a fixed potential difference be- 
tween the electrodes irrespective of the plasma potential. Also, the 
maximum current drawn by the probe is limited by the ion saturation 
current, which is much less than the electron saturation current. 
This is especially advantageous in the dense, hot environment of a 
laser plasma. The probe design shorm in Fig. 4 has been found satis- 
factory for the work described in this investigation. The probe cir- 
Sat is similar to that used by Koopman [Rer. 7) to obtain density 
measurements in laser-produced plasmas with single Langmuir probes. 
The probe circuitry was inclosed by an aluminum housing attached to 
the probe and the entire system was isolated from ground, The minimum 
time response of the circuit was estimated by measuring the rise times 
of the fastest detected signals and was of the order of a few nano- 
Seconds. The diameter of the cylindrical tips was about 1 mil, they 
had a length of 1 mm and were about 1 mm apart. The double probe sig- 
nals were recorded on a Tektronix 7904 oscilloscope. The minimum dis- 
cernable signal was approximately 200 mV (0.2 relative units in 
Figs: 14-39). 
| 3. Probe Operating Conditions 

Since the probe wae to be used to detect the passage of the 
front of the laser plasma, the probe was biased to collect the satura- 
tion ion current corresponding to the passage of the front. The 


characteristic curve for a background of 700 mTorr N. and at a point 


2 
3 mm behind the front is shown in Fig. 5. The probe appears to collect 
ndon currents at a bias of 8 volts. In reforem in order tO insure 


collection of saturation current with a minimum contribution to the 


current from secondary electron emission, all data were taken with the 
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probe biased at 10 volts. For zero bias, the probe draws a current 
only as the front passes. The probe current signal is first positive 
and then becomes negative and decays to zero at the back of the front. 
This behavior may be the result of an asymmetric probe perturbation 
associated with the passage of the plasma front and it is responsible 


for the non-zero value of the current at zero probe bias in Fig. 5. 


F. DATA COLLECTION AND ERROR ESTIMATES 

By far the most critical parameter affecting the reproducibility of 
the results obtained in this investigation was probe positioning. If 
woe vas maintained at a fixed position and the signals detected at 
that position were monitored over a series of several shots, then it 
was found that for laser power outputs of between 285-315 MW, the mag- 
nitudes of the signals fluctuated by less than 5% and the time of arri- 
val of characteristic features of the detected signals such as signal 
maxima, fluctuated by at most a few nanoseconds. If the probe was re- 
moved from the chamber and then re-introduced at ostensibly the same 
position, the time of arrival of the signal characteristics was repro- 
ducible within the same few nanoseconds, but the signal amplitudes 
might be found to vary as much as 30% from the amplitudes previously 
recorded. This variation was a result of the rather crude method of 
Positioning the probe, which consisted initially of locating the probe 
relative to three mutually perpendicular planes of reference by measur- 
ing distances from those planes to the probe tip with a plastic ruler 
graduated in millimeters. This was the technioue used by McKee in his 
investigation of the spontaneous fields. To reduce the errors associated 
with reintroduction of the probe into the chamber at each position, a 


probe holder was designed so that once the probe was in position, it 
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could be relocated an any axial position along a neo constant rT and 

9 by sliding the holder along a graduated scale. The holder was sit- 
uated on top of the vacuum chamber (see Fig. 3) and probe data were 
taken by introducing the probes from the top of the chamber with the 
probe shaft in the @ -0° plane and parallel to the target surface. The 
probe position could be changed while the chamber was evacuated and this 
permitted making an entire series of moves along the z-axis without re- 
pressurization of the chamber. Initial probe positioning was accon- 
plished by centering the probe on the point made by intersection of the 
mapping line with the target surface. The mapping of the fields along 
constant surface was then carried out by setting the pressure and 
sliding the probe to the various axial data points; the pressure was 
changed and the procedure was repeated. Once the fields were mapped, 
the magnetic probe was replaced by the double probe and the procedure 
was repeated. The laser system was aligned just prior to a mapping 
series so that no re-alignment would be necessary during the course of 
the "run." Using this procedure, it was possible to reproduce the map- 
Ping results to within a magnitude of 10%, provided, of course, that 
the probe remained fixed in the holder. 

The pressure curves of Fig. 10 were obtained by fixing the magnetic 
probe at the position (0.4, 0, 0.4) and varying the gas pressure. The 
individual data points are not shown for clarity purposes, but it is 
again estimated that the difference in magnitude between the "true" 


value of Bo wax ond the value plotted in Fig. 10 is less then 10%. 
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VI. EXPERIMENTAL RESULTS 


A. INITIAL FIELD ORIENTATION AND CHARACTERISTICS 
The initial spontaneous magnetic fields were found to be mainly 
in the azimuthal direction and symmetric about the z-axis (see Fig. 6) 
as previously reported by Hckee (Ref. 12] nes irection of the fields 
corresponds to conventional current in the negative z-direction along 
the axis of the coordinate system (fields in the clockwise direction 
in Fig. 1). Figures 6, 11 and A0 are typical magnetic field signals 
detected with the probe at various positions and pressures. The maxi- 
mum of the magnetic field signal occurred later in time as the magnetic 
probe Was moved out to positions of larger axial EEN 
Mention was made in McKee's thesis of the measurement of a z-com- 
ponent of the magnetic fields. That this z—component was the result 
of probe perturbation of the plasma can be seen by examination of Figs. 
Reng 8. 
Figures T and 8 demonstrate the influence of the probe on the 
measured value of the z-component field. The component of the field 
measured by an open probe EE inductive loop not glass enclosed) at 
the position (r=0.5, @=0, z=0.5 cm) was smaller than that measured by 
an enclosed probe by a factor of 6 (see Fig. 7). Figure 8 demonstrates 
that the direction of the measured z-component of EE field 
- depends on the direction from which the probe is inserted into the chamber. 


— =a mw 


The maximum of the magnetic field signals was observed to occur 
earlier in time as the probe was moved out at high background pressures 
of nitrogen. This phenomenon will ve discussed further in Section VI.B. 


41 





When the open probe was inserted from the right side the measured 
component was opposite in direction to that measured by the same probe 
when it was inserted from the left; in both cases the probe was in a 
plane parallel to the plane of incidence of the laser radiation. It 
can be seen from Figure 8 that the smallest measured z-component was 
obtained by introducing the probe from the top of the chamber (probe 
in a plane perpendicular to the plane of incidence). 

Thus it appears that the measured z-component resulted from probe 
perturbation of the plasma and that the magnetic fields of the unper- 


turbed plasma possess no significant z-component. 


B. PRESSURE DEPENDENCE OF THE MAGNETIC FIELDS 

Figure 9 displays the manner in which the maximum azimuthal magnetic 
fields detected at the position (0.4, 0, 0.4) depend on the background 
ure of nitrogen for aluminum and Mylar targets. This figure indi- 
cates that although the magnitudes of the fields at any pressure depend 
On the target material, the field amplification for a given target ma- 
terial depends only on the background gas. The fields produced by" 
flirradiating an aluminum target are a factor of eight larger than those 
obtained by irradiating Mylar in the pressure independent region of the 
curves. That the fields are larger for the aluminum target is in accord 
with the computed higher maximum temperature of the aluminum laser- 


produced plasma. 





As previously mentioned, the maximum temperature of the aluminum 
plasma was computed to be of the order of 100 eV using the one-dimensional 
program written by lickee. He obtained a value of the order of 10 eV for 
the maximum temperature of his Nylar plasma, using the same progran. 
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Figure 10 displays the manner in which the maximum azimuthal magnetic 
felds at the position (0.4, 0, 0.4) depend on the background pressure 
for various gases. Below approximately 1 mtorr the fields are indepen- 
dent of the background gas as one would expect by inspection of Fig, 

9. Above 1 mTorr the shape of the pressure curve is dependent on the 
background gas present. The important features of Fig. 10 appear to 
be that: 

(1) Below about 1 mTorr the maximum fields are independent of the 

background gas. 

(2) In the range from 50 mTorr to about 250 mTorr, the maximum 

fields appear to be a function of the density of the background 
Pacw being larger for higher density backgrounds. 
(3) While the maximum fields decrease sharply with pressure above 


Bone 250 mhorr for N_ and Ar and 450 mTorr for Hes they con- 


2 
tinue to increase Tor a background of He up to a pressure of 
lorr. 

Figure 11 shows the manner in which the magnetic fields detected at 
the position (0.4, 0, 0.4) vary as the background pressure increases 

mem 270 mTorr N 


VON LOTT N This figure clearly shows that as the 


P 


wure increases the time at which the fields attain their maximum 


2 


value decreases. The fields attain their maximum value at approximately 
100 nsec for 250 mfcrr N, while the maximum value of the fields for TO 
Orr N. occurs at about 45 nsec. This figure also clearly shows that 

as the pressure increases, the time of onset of "field reversal" shifts 
toward the origin and that the maximum value of the reverse fields in- 


Creases as the pressure increases through 5 Torr N Thus, the genera- 
Dër 


P 


on of reverse field appears pressure dependent. The above investigation 
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was repeated at the position (0.4, 0, 0.6) and the times of arrival of 
the maximum fields were compared with those obtained at (0.4, 0, 0.4). 
The results are plotted in Fig. 12. At very high pressures the maxi- 

mum fields arrive sooner at the position (0.4, 0, 0.6), while at lower 
pressure they arrive later. This "behavior" of BA MAX demonstrates 


that at least at very high pressures, one cannot assume that Bo MAX 
"propagates" with the plasma. All propagation speeds presented in the 
thesis were obtained from double probe data. The individual signals 
obtained at (0.4, 0, 0.6) exhibit the general characteristics of those 
detected at (0.4, 0, 0.4). They differ in that the maximum fields are 
reduced from those obtained at corresponding pressures at (0.4, 0, 0.4) 
while the maximum reversed fields are larger than those detected at 
0.4 I, 0.4) for pressures between 2.5 and 10 Torr. No significant 
reverse field is observed at (0.4, 0, 0.6) for 70 Torr Nye 

These results suggest that whatever the mechanism for production 
Of reversed fields, it is “turned—on" sooner at higher pressures. Figure 
13 is a plot of the axial position of onset of "strong" field reversal 
versus background pressure along the line r=0.4 cm, 9-0”. The points 
were obtained by successively moving the magnetic probe (axially) 
toward the target at a fixed pressure until the magnetic probe signal 


resembled the signal obtained at ae torr in Vig... The field re- 


2 


versal vas arbitrarily taken to be strong when the probe signal at the 


particular pressure resembled the signal obtained Si Asi Tor N. in 

Fig. 11. Again the results seem to indicate that the mechanism for field 
a versal occurs sooner at higher vressures for a particular background 
gas. This figure also demonstrates that to produce strong field rever- 
sal at a given position requires a greater pressure of He than of Nos 
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C. SPATIAL MAPPING OF THE MAGNETIC FIELDS AND THEIR DENSITY PROFILES 
The magnetic fields and the corresponding double probe profiles 
vere mapped along the line r=0.4 em, 9-0” for preceures of 0.1, 5, 250 


and 700 mTorr N The results of this mapping are displayed in Figs. 


2” 
14-39. To obtain the density profiles two assumptions were made in 
Eq. (17). First, it was assumed that the ion charge state vas the same 
throughout the laser plasma. There is some experimental evidence, how- 
ever, that the ions of highest charge state are located at the front 
of the laser plasma and that the average ion charge state decreases to- 
ward the "back" of the laser plasma (Ref. 2) . In addition, it was 
assumed that Yip vas a constant. By examination of Eq. (17) it can be 
seen that to obtain absolute ion densities from the relative densities 


where Z and 


in Figs. 14-39, one must evaluate n,=n, A zw ZV J 


1REL. 
V ere the actual charge state and magnitude of the plasma expansion 
MENÑOcity at the point in question. 
As a result of the above assumptions, the relative density profiles 
obtained with the double probe are useful only for locating the posi- 
tion of the plasma front (and back) relative to the magnetic fields or 
for detecting a steepening or slowing of the (narrow) front of the 
plasma. From an sisan of Figs. 14-39 it appears thats: 
mm) At t=20 nsec, which is about the time the peak of the laser 
pulse is reaching the target surface, the magnetic field pro- 
files along the 4 mm line are pressure dependent (Figs. 14, 19, 
24 and 32). 

Y Since the plasma front does not reach the probe until a time 


later than t=20 nsec, the fields at t=20 nsec are in the ambient 


background plasma. The "density profiles" in os. 14,19, 
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(3) 


(4) 


(5) 


(6) 


24 and 32 do not represent the photoionized background plasme, 
since they do not change significantly as the baekground pres- 
mire is inereased by a factor of 700. These profiles are the 
result of the existence of an initial pulse in the double probe 
signal. This pulse (see the double probe signal depicted 

in Fig. 11) occurs at all axial positions and between the times 
t=0 and t=60 nsec. It will be discussed further in Section IA. 
The magnetic fields appear to be tied to the laser plasma for 


ep nSion into backgrounds of 0.1 and 5 mTorr N Figs. l4- 


gl 
Manda 19-23), i-e., the magnetic field maxima propagate with 
the expanding plasma. For t=300 nsec, the field maximum is lo- 
cated closer to the plasma front for expansion into 250 and 700 
mTorr N, non erpansıon into 0.1 or 5 mlorr N, ( compare 
Figs. 18 and 28) at times greater than 300 nsec the generation 
Srerteverse field at the front of the laser plasma shifts the 
initial (clockwise) field maximum back into the laser plasma 
(compare Figs. 28 and 30). 


The onset of field reversal occurs at the front of the plasma 


ena 1% occurs earlier in space and time at 700 mTorr than at 


250 mTorr (Figs. 29, 36 and 40). 


Field reversal is coincident with a strong interaction between 
the laser plasma and the ambient background as is evidenced 

by a steepening and slowing of the front of the expanding 
plasma (compare, for example, Figs. 18 and 36). 

Reverse field is also present at the "back" of the laser 


plasma and it appears sooner at higher pressures (Figs. 28 


and 36). 
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Although the density profiles vere mapped only out to a distance 
of z=2.8 cm, the magnetic fields were mapped out to z=6 cm. This 
mapping showed that no field reversal occurs for pressures of 9.1 and 
5 mTorr. However, ausmall magnitude of reverse field is present at the 
back F. Kan tesër plosma forall BS and it occurs at later times 


- 


for press k dai e 1 anë 5 mTorr. This reverse field was also observed 
P. 
by h... (as was mentioned previously) and he also noted that it occur- 


5 


eed earlier at higher pressures. 

me field reversal vas also mapped ln the radial direction. Figure 
40 shows the magnetic field signals detected at the positions z=1.6 cm, 
r-0.1, 0.2, 0.4 and 0.8 cm for a background pressure of 700 mTorr Ne 
The largest reverse fields were detected at about r=0.4 cm. The maxi- 
mum reverse fields arrive later as r increases, while they decrease in 
magnitude for probe positions on either side of r=0.4 cm. The maximum 
reverse field at the position (9.4, 9, 1.6) occurs at a time corres- 
ponding to the arrival of the density maximum. Reverse field arrives 


ahead of the plasma front and is :receded by a component of field in 


mae direction of the initial fields (i.e., clockwise). 


D. PRODUCTION OF REVERSE FIELD IN A LASER PLASYA IMPINGING ON A GLASS 
PLATE 
Since the field reversal occurring at the front of the laser plasma 
appears to be a consequence of the interaction between the laser plasma 
and the ambient background plasma (which results in a slowing down and 
steepening of the plasma front), one should be able to induce the pro- 
Ametion of reverse field by simply causing the plasma front to rapidly 


decelerate. 
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Magnetic field reversal vas observed several hundred nanoseconds 
after laser shut-off by alloving the expanding laser plasna to impinge 
upon a glass plate. The results of an experiment conducted in a back- 
ground of 799 mlorr N, and with a glass plate located in the plane 
MES cm are depicted in Fig. 41. The right side of this figure dis- 
plays the magnetic fields (Bo ) detected by a probe located at the po- 
won r=0.4 cm, Y =O? and z=l cm with and without a glass plate located 
in the vlane z=1.15 cm. The left side displays the plasma density pro- 
file in the absence of a glass plate and at a time corresponding to the 
arrival of the largest reverse fields at the magnetic probe. Reversal 
appears to onset after about 150 nsec when the plate is in place and 
Peaches its largest value 320 nsec into the expansion process. Figure 
42 shows the results of the same experiment conducted in a background of 
u rr. Reversal ¿gain appears to onsct after about 150 nsec and the 
reverse fields attain their largest value at t=350 nsec. The rate of 
set Of reversal is larger for a background of 700 mTorr N, than for a 
packeround of 5 mTorr Nos 
E. TARGET MASS REMOVAL 8 

To estimate the maximum temperature of the laser plasma and the 
kinetic energy of the streaming laser plasma, one must know the mass 
of the plasma. The mass of the ablated aluminum target material was 
Be neg by cleaning and weighing the target disc before and after a 
Total of 234 shots. The average power of the incident pulse was 300 HW 
and a total mass of 1.0 mg was removed from the disc. Therefore, about 
10 T aluminum atoms and ions (4.3 ug) were removed from the target disc 


Per shot. 
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In a previous experiment cited by Ready (Ref. 2] it was determined 
that the ionization efficiency of a Q-switched ruby laser (10° Hien"? 
incident on a thin aluminum coating was about 1%. The total number of 
aluminum atoms and ions removed per shot in that experiment was esti-., 
mated to be 5X 101°, In another experiment cited by Ready, a 100 iW, 
30 nsec ruby laser was employed to produce a carbon plasma. The elec- 
tron density 1 mm from the target surface increased rapidly to a maxi- 


mum of 1.66 X No an and decreased by a factor of 10 after 500 nsec. 


The neutral atom density reached a peak around 1.6 X në” T then de- 
creased as the opaque blowoff plasma shielded the target surface and 
later went through another maximum as the initial blowoff plasma became 
transparent and the laser light again reached the surface. The neutral 
atoms were detected for about 1 nsec after the end of the laser pulse 
and the relative number densities indicated that only about 10% of the 
total vaporized material became ionized. Most of the ionized plasma 
ed in the initial blowoff which was nearly 100% ionized. 


Therefore, it will be assumed here that the initial blowoff material 


is 100% ionized and contains 10% aluminum ions. 
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MI APPLICABILITY Or THE SHELL" MODEL 


According to the model suggested by McKee, the pressure dependence 
of the self-generated magnetic fields is a result of the formation of 
Seiensity shell at the front of the expanding laser plasma. Since the 
pressure dependence is evident during target irradiation, the model 
requires that the density shell form while the laser is still irrad- 
jating the target and that it be present even several hundred nano- 
seconds later (McKee explains the field reversal at late times by ar- 
Beene that it occurs at the back of the density shell and also explains 
the continued increase of total field energy with time for expansion 


no 5 mlorr N, by arguing that magnetic fields are being created at 


2 
the front of the density shell for severai hundred nanoseconds after 
scr shut-off). He was unable to experimentally confirm the existence 
of the shell, since the only diagnostics at his disposal were magnetic 
probes. NcKee's model was not unreasonable, however, since Dean (Ref. 8) 
had previously reported observing what appeared to be the formation 
of a density shell at the front of a laser plasma created under similar 
experimental conditions. In his conclusions McKee pointed out that, 
although his explanation of the pressure dependence of the spontaneous 
fields was plausable, it relied heavily on Dean's work and that "the 
relationship of the magnetic field to the laser plasma density and to 
the ambient plasma density must be thoroughly studied" to verify or to 
disprove the explanation that he had put forward. 

The results of this investigation do not support the model developed 


as a result of MNcKee's investigation. 


56 





A difficulty in attempting to apply this model to explain the re- 
sults of the present investigation is that it does not predict field 
reversal at the front of the plasma. The model requires that the in- 
teraction between the laser plasma and ambient background plasma cause 
the electrons in the shell of displaced background to be heated to a 
higher temperature on axis than off axis with the result that a radial 
electron temverature gradient of the same magnitude as exists in the 
laser plasma is formed in the density shell. The heating mechanism is 
not discussed, but it is stated that as long as there is an interaction 
between the two plasmas field production can continue at the front of 
the plasma. However, the results of the present investigation suggest 
that a strong interaction between the two plasmas is accompanied by 
the E ction Bi slelde in he opposite direction at the front of The 
Misma (Figs. 34-37). If the initial field amplification is to be the 
nor the production of additional magnetic fields at the front of 
the density shell (in the manner proposed by McKee), then the observa- 
Sí the production of reverse field at the front at later times in 
the expansion requires that the direction of the radial MaS tempera- 
ture gradient reverse. It is hard to believe that a radial temperature 
gradient in the density shell would initially grow in one direction due 
Lo the interaction between the laser plasma and the ambient background 
plasma and would then reverse its direction as the interaction continued. 
One might argue that the reverse fields are really being generated at 
the back of the density shell and that the shell merely is not resolvable. 
However, the width of the density shell should be comparable to the 
spatial width of the reverse fields and, therefore, of the order of 


several mm (Figs. 30, 31 and 36-39). For an expansion velocity of 


at 





3 X 10 cm/sec and a spatial half-width of 3 mm, the probe system would 
require a rise time of less than 100 nsec to resolve the density shell. 
This is much longer than the observed probe rise time. 

Another difficulty associated with the shell model is that it pre- 
dicts the production cf reverse fields at the back of the density shell 
at early times in the expansion of the laser plasma (even for back- 
ground pressures less than 250 mTorr). This prediction results from the 
fact that the density gradient is reversed at the back of the shell (in 
+z direction) so that one would expect reverse field production to 

Von 
em; 
might 


e 
mal ler at the back of the density shell, production of reverse field 





accompany growth of the initial fields. Since the quantıty 


MOTA occur on a smaller scale than production of the additional field 


ei ront of the shell. However, even if the source term behind the 


ah 


IIS not strong enough to actually reverse the fields, it should act 


f 


ZO distort the shape of the magnetic probe signals detected at, say, 
HOLA, O, 0.4) as the pressure is increased to 250 mTorr. No distortion 
Sietne signals is detected. 

A very strong argument used to support the shell model vas that it 
explained the existence of the maximum fields in a background of 250 mTorr 
N. at greater axial eee than those in 0.1 and Dm: al early 
(fixed) times in the expansion phase (see Section II.B). 

Double probe signals have been obtained in the present investiga- 
tion at positions along the line r=0.4 cm, 9-9” Tor laser plasma 
expanding into a nitrogen background gas. The experimental conditions 
were similar to those existing during McKee's investigation. The follow- 


ing observations were made: 
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(1) There was no evidence of the formation of a density shell for 
laser plasma expansion into 250 mTorr Nos 

(2) There was evidence of an interaction between the laser plasma 
and the ambient background; for example, at t=200 nsec the 
plasma front was located at (0.4, 0, 1.5) for plasma expansion 


into 5 mTorr N, and at (0.4, O, 1.0) for plasma expansion into 


2 


250 mTorr N In the figure belov, the positions of the plasma 


Be 
fronts are superimposed on lickee's Fig. 52(b), whach 1s a plot 


of the axial variation of B, along the line r=0.4 om, 6 ON 


250 mTorr 







IN 

a Plasma Front 
J 

T t = 200 nsec 
x 

5 mlorr 
D 
m 


ez 3 4 
Axial Distance (cm) 


Wass figure indicates that By 


MAX is located at the plasmarfront for 
it 


Spansion into a background of 250 mTorr N while for expansion into a 


27 


is located about 1 cm behind the plasma 


- 


N 
background of 5 mTorr N, B OMAX 


L This result was predicted by McKee with the exception that he 


Suggested the presence of a shell at the front for a background pressure 


of 250 mTorr N,. It should be mentioned that the formation of density 


shells (of the order of 1 millimeter in thickness) has been observed in 
the present investigation. These shells were only observed when an alum- 


inum laser plasma streamed into a background of H, and only at background 


2 
gas pressures above 450 mTorr Hoe 

The figure below represents the double probe and magnetic probe sig- 
nals obtained at the position (0.4, O, 2.0) when an aluminum laser plas- 
ma streamed into an ambient background of 450 mTorr Hoe 


SE 
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Mo region of increased Bo Tenobserved in the vicinity of the shell ana, 
racij the shell ppears to have no perturbing effect on the spon- 
taneous fields residing in the vicinity of the density shell, 

The principal diagnostic techniques used by Dean to observe the 
density shells vhich formed vhen the plasma (produced by irradiating 
a cylindrical fiber of lucite) expanded into a nitrogen background gas 
were fast photography, shadowgraphy and coaxial floating electric double 
probes. Evidence of the existence of the shells was obtained indepen- 
dently using all these techniques. e, there appears to be little 
doubt that the density shells actually existed. One must conclude, 
Meme torre, that either the Brmation of a density shell at the front of 
a laser plasma expanding into an ambient background is not a universal 
characteristic of the streaming laser plasma or that the probe employed 
in the present investigation only recorded the existence of the density 
shell over a specific range SË hydrogen background gas pressures, The 
Tatter conclusions appear unacceptable in view of the known sensitivity 
Lime resolution of the probe. 

From the above discussions, it appears that the shell model cannot 
satisfactorily explain the results of this investigation and that no 


shell was present in McKee's investigation. 
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VIII. THEORETICAL UODEL FOR THE PRESSURE DEPENDENCE 


A. INTERACTION MODEL 

That an interaction between the laser plasma and the ambient back-- 
ground plasma does occur at sufficiently high ambient plasma densities 
has been well established. Koopman [ Ref. 3 has suggested that the 
observed interaction is the result of multi-coulomb collisions occurring 
The two plasmas. If a strong momentum transfer interaction is 
a dominant form, one would expect "snowplowing" or displacement of the 
ambient plasma by the leading edge of the laser plasma piston, with a 
corresponding "pile-up" of piston plasma behind the interface between 
the laser plasma and the background plasma. Tne ambient and piston 
K Td be intermixed in the region cf the interface. That is 
the model is one in which the background plesma is "captured" at the 
front of the expanding laser plasma, increasing the total mass of the 
streaming plasma and, by conservation of momentum, decreasing the ex- 

- pansion velocity of the plasma front. Thus it will be assumed shat 
there exist three distinct regions characterizing the expansion of aà 
laser plasma into an e d plasma; ambient plasma, inter- 
face, and laser plasma (see Fig. 43). 

A one dimensional expansion model can be justified on the basis of 
the following considerations. The diameter of the laser beam at the 
target surface is about 6 mm and the laser radiation is absorbed within 
a distance ei the order of 0.01-9.1 mm from the target [ Refs. 2 and 14) . 
Therefore, the ablated target material will initially have larger dimen- 


sions parallel to the target surface than perpendicular to it. Since 
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the expansion is driven by pressure gradients (see Eq. (3)) and 

pore) |’ 3 > |(9p) | S = a Š, and Š, being characteristic axial 
and radial dimensions, na there will be a more rapid expansion 
perpendicular to the surface than parallel to it. Thus, the expansion 
will be considered to be one dimensional. 

When the laser plasma expands into the ambient background plasma, 
the axial position of the plasma front will be governed by the inter- 
action between the two plasmas, i.e., Z=Z(p ,t) where Z is the axial 
@esation of the plasma Ironi and p. is the ambient plasma density, An 
Smpirical expression for the late time dependence of the axial position 
of the plasma front on time and on the ambient nitrogen plasma density 
Sen be obtained from Figs. 44 and 45, the result being 


O 1 ý | 
a > (18) 


Po 
Mmewaepencencc cf the radial position of a plasma front on time has 

been determined in many investigations of the interaction of a laser- 
produced plasma with an ambient background. A brief description of some 
of these investigations has already been given in Section IV.B. Ramsden 
and Savic (Ref. 10) » Bobin et al. (Ref. 3 and Dean [Ref. 8] assumed 
spherical geometry when comparing theory and experiment (supported by 
photographs of the tee of nearly spherical luminous fronts). 
Hall (Ref. 9] argued that because of the presence of the target slab, 


the expansion did not possess spherical symmetry. He modified the 


spherical blast wave mođel 2 used by the above authors, taring into 





An approximate expression mon the position of the front of a 
Spherical blast wave as a function ofp a t, and the actual energy, E, 
released in the explosion is r=(E/p 30.2 de 
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account that the main flux of target ions vas biased tovard the target 
normal, by assuming that the general form of the blast wave was a 
spherical segment and that E was a function of the angle subtended by 
the spherical segment. For this model one replaces E by E*-2E/(1- 


cos(+6) ). Hall's model "predicted" that paçi 


0.42 


vhile he observed 
lat rat for background pressures above 600 mTorr Ar. 

Since in the present investigation, ze GE the plasma 

O 

mment does not propagate like an ideal blast wave. The reason for the 
I Lion can be understood by reviewing the basic assumptions made in 
ideal blast wave theory. | 

ideal blast wave theory, a finite amount of energy is released 
suddenly within a small volume. The initial mass contained within this 
volume is assumed to be negligible in comparison with the mass of the 
displeced ambient background and, therefore, there is rapid transfer of 
the kinetic energy from the initial mass to the ambient background. 
The initial energy of expansion is gradually converted into random ther- 
mal energy and the blast wave slows down. For a laser-driven blast wave, 
the energy input is from the ablated material. Consequently, the total 
mass of the laser plasma ions must be less than the mass of the dis- 
eg background plasma if blast wave theory is to hold. This reguire- 
ment appcars to have been satisfied in the regimes for vhich blast vave- 
like propagation was observed. This requirement was, in general, not 
met in the present investigation. For example, at a background pressure 
of 250 mTorr Nos the axial position at which the mass of the svept—up 
ambient plasma is equal to the mass of the plasma piston (assuming that 


l 16 
the estimated 10 laser plasma ions sweep up all the embient plasma 


1ons contained in a cylinder of 3 mm radius) is z=5 cm. 


% 
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B. LOCATION OF THE FIELD PRODUCING RECIOIS 

During the absorption of the incident laser radiation by the blow- 
off plasma, the plasma temperature will initially be much less than the 
maximum estimated temperature of 100 eV. Any spontaneous magnetic 
fields created early in the absorption phase will then be subject to 
rapid diffusion from the region of production into the ambient back- 
ground, i.e., the diffusion term rove on the right-hand side of 
Eq. (9) cannot be neglected vhen a) is low. As the temperature in 
s TO producing region increases, the rate of field diffusion de- 
creases due to the To dependence of c and for the maximum temperature 
noedshere, diffusion of the fields can be neglected. In a refer- 


ence frame moving with the laser plasma front, one can then write 





JË = VkTe x Vn, 
Su De ne (19) 


A Er, significant consideration in field production is the "geometri- 
S Lor" in the cross product of the thermal source term. Since the 
imitial density profile is determined, to a large extent, by the target 
geometry while, the temperature profile is determined by thermal heat 
conduction, one might expect that it would be possible to change the 
Mimection of the initial E by altering the target geometry or by 
Shaping the laser pulse. Experimental evidence supporting this predic- 
tion has recently been reported (Rer. 17) e 

The targets employed in the present investigation vere planar. Thus, 
the isothermal ana iso-density contours appear to be nearly orthogonal 
near the edge of the focal region (Rer. 16) . Therefore, the important 
region for field production is the edge of the focal spot where one ex- 


pects both Kl, and vn. mn, to be large. 
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Because the expanding laser plasma is axially symmetric, the thermal 
source term vanishes along the target normal. Therefore, a toroidal 
doughnut of azimuthal magnetic field will be da primarily at the 
edge of the focal spot in the blow-off portion (front) of the laser 
plasma and.carried with the expanding plasma. 

Support for the suggestion that the important region for field 
Mroduction lies near the edge of the focal spot was obtained by measur- 
ing the fields produced by irradiating a .001 inch aluminum foil. The 
target was irradiated several times without changing its orientation. 
Whe- tTirst shot produced a hole of about 3 mm in diameter in the foil. 
While succeeding shots did not noticeably change the diameter of the 
hole, they yielded fields down in magnitude by only a factor of 3 and 
produced a noticeable change in the appearance of the target surface 
Over an area within a 3 mm radius from the center of the laser impact 
MS. This experiment was first conducted by R. Case at the A.F.tW.L. 


Kirtland A.F.B., New Mexico, who obtained a similar result. 


C. HEATING IN THE INTERACTION REGION S 

In a coordinate system moving with the interface between the Laser 
and ambient plasmas, a considerable part of the kinetic energy of the 
ambient mesma ions entering the interface will be converted into heat 
through the action of ion viscous forces. This, of course, assumes 
that the ambient plasma ions are "captured" within the interface: As 
the laser plasma piston displaces the ambient background plasma it slows. 
Thus the energy available for conversion to heat drops and the maxi- 
mum temperature to which successive increments of ae plasma ions 


ere raised will decrease. The change in electron temperature in the 


interface due to the identical process for the incident electron gas 
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will be smaller than the change in the ion temperature by a factor on 


m 
Ehe order a ‚where Map is the mass of the ambient piasma ion. 


AP 
Therefore, one would expect the electrons to be heated primarily by 


meetron—-ion collisions in the interface. However, the characteristic 


time for transfer of energy between the electrons and the ions as a re- 


e 


EE ) is larger than the charac- 


sult of multi-coulomb collisions ( T 


teristic time for energy transfer between the ions ( tË ) by a factor 


i 
My 
of about (— Rer. 14 , so that the ambient plasma electrons in 
e e 


te 


the interface will be heated by another process (other than electron 
M T 
viscous heating) during the early stages (t < (= ye e Ee 
e 
pansion (see Appendix A for a discussion of the chargetreristic times 
K and i). That process appears to be compressional heating as 
Can be seen from a heuristic argument. In the interface, the displaced 
ambient background plasma is highly compressed. The electron gas is 
Bompressed in the same manner as the ion gas. Therefore, the dominant 
heating mechanism for the ambient plasma electrcn gas in the interface 
Can be considered to be adiabatic compression of the electrons for times 
M En 
less than (E e . The interface will also contain laser plasma 
KE I rons and ions and the above discussion also applies to them. Since 
the ion masses are similar, it would seem acceptable to consider a 
single ion temperäture to exist within the interface. 

T2 one assumes, as did McKee, that a well defined shell of "swept- 
up" ambient plasma forms at the front of the laser plasma even as the 
Waser is irradiating the target, and that the temperature within the 
Shell is of the order of the temperature within the laser plasme (199 eV), 


then the ion density within the shell would necessarily be of the order 


1 E ’ 
SE: LO 2 cm 3 for the electrons to be heated non-adiabatically (via 
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electron-ion collisions) during this time ee p Mere oret 
would seem that there would be little contribution to the observed 
Mela amplification as a result of field production within a shell 
of compressed ambient plasma during this time interval. It should 
also be noted that McKee's model required the production of a large 
radial temperature gradient in the shell, while for the geometry 
assumed here any interaction mechanism would drive a large axial 
temperature gradient. 

E this point, little consideration nas been given to the effect 
of the pile-up of the laser plasma on the teating within the laser plas- 
mas As a result of the pile-up, there will also be strong viscous heat- 
mie of the laser plasma ions. As the front slows down, the pile-up 
of the laser plasma will probably be the dominant mechanism driving the 
production of a large axial ion temperature ah, not only at the 
Ë... but throughout the piled-up laser plasma. As the density of 
the ambient plasma is increased, the rate at which the laser plasma 
piles up (re-thermalizes) will increase. In the extreme case for which 
Hp > 9 which can be simulated by allowing the plasma to impinge upon 
a glass plate, the very large axial ion temperature gradient which is 
mmeoauced near the plate is entirely the result of a rapid pile-up of 
the laser plasma orë near the plate. Since E ~ Te y the inc.ease in 

n 
n. accompanying an increase in the pile-up rate will reduce the charac- 
teristic electron heating time so that one would expect the rate at 


which the electrons are heated to increase. 





LO > 
This number was arrived at by assuming that Ton” 20 nsec, 


T,=100eY, Z=3 and using the expression in footnote 4 for Kr 
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For the analysis to be valid the ion-ion viscous heating time due 
to pile-up of the laser plasma should be at most of the order of the 
Me that has elapsed since laser shut off. If one assumes that the 
density of the aluminum laser plasma ions in the piled-up region is 

16 TOR : , 2 
10° cm (the 10° ejected Al ions in a volume r( ,3)“(1) ), Z=3 and 


T,=100eV, then the ion-ion E SEN në (tË ) can be calculated 


6 M, 2 (eV) 
from the expression ur U UE Sec (rer. 18]. 
proton i 


The result L 15 nsec. Thus, the characteristic time for col— 
lisional transfer of energy among the ions appears to be much shorter 
Siam the times corresponding to the onset of the strong reversal ob- 
Served’ in this investigation. 

summary, it appears that: 

(1) The electron viscous heating rate will be less than the ion 
Wiscous heating rate in the ambient plasma. Thus, electron 
heating would be expected to be mostly the result of electron- 
ion collisions. | 

(2) lon-electron collisional heatine is very slow compared Gë the 
son thermalization rate so that for early times the electrons 
behave and the dominant electron heating mechan- 
ism is (adiabatic) compression. " 

(3) Therefore, the initial field amplification does not result 
from additional fields produced in the displaced ambient plasma. 

(4) Viscous heating of the piled-up laser plasma ions causes the 
production of an axial ion temperature gradient which is ee 
mitted to the electrons via electron-ion collisions. 


(5) Since the electron-ion collision time decreases as the electron 


density increases, the electron heating rate which results from 


the pile-up of the laser plasma increases as the pile-up rate increases 
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D. THE INITIAL FIELD AMPLIFICATION 
The initial field amplification appears to develop while the laser 


is illuminating the target (Borax 19 eds While Borax 


400 gauss in Fig. 24) and to be fully developed by the end of the la- 
ser pulse. During this time a large radial temperature gradient is 
maintained by the laser near the target surface. This temperature 
gradient will not be significantly influenced by the density of the 
ambient background plasma since the expansion of the blowoff is direc- 
med along the target normal. However, the axial density gradient in 
the field production region can be expected to increase as the mass 


Oi the displaced background plasma increases. If one assumes that during 





Vin 
the time of the laser pulse, the quantity = € can be approximated by 
E 
V E where V. 15 the average expansion velocity of the front of 


LP LP 


the laser plasma during the time (T ) the laser is irradiating the tar- 


get, then Ea. (19) can be written 


VKT, 
5 (20) 
H e Vip 
Equation (20) assumes that the steepening of the density gradients 
ot the laser plasma in the field production region, Ô ~ a] T 
Vn 


Z 
(as a result of snovploving of the ambient plasma) TE proportional BO 
the average expansion velocity of the plasma during the time the laser 
E irradiating the target. It is by no means clear that ô should 


scale as Vip e However, one would expect that Vip could be used as 
— 


a measure of the effect of the interaction on the expansion dynamics 


of the laser plasma. Thus, as Vip decreases the initial fields should 


Micrease. Since Vip is also a measure of the steepening of the density 


gradients in the laser plasma, different background plasmas should 


yield the same maximum fields for the same measured value of Vip” 
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At pressures too small for a strong interaction to occur there vill 
be no steepening of the density gradients in the field production region 


and, therefore, no enhancement of Bg. 


E. FIELD REVERSAL 

As the laser plasma expands into a low density background plasma, 
the gradients at the front relax and field production becomes insig- 
nificent. However, if the expansion is into a background plasma of 
Mmiticient density to strongly influence the laser plasma a different 
lon results. The viscous heating in the interface will "drive" 
large axial temperature Bee in the ion fluid, which will even- 
Mally be transmitted via collisions to the electron fluid. Therefore, 
weld production will again occur near the "outer edges" of the inter- 


face. The equation describing this "late time" field production is 
kT Vin 


Bere (21) 

This equation "predicts" that the fields at the front vill be pro- 
ucedasin a direction ee uo nerd recvlion tol the initial fields. 
It also predicts that the field reversal will occur sooner and grow to 
a larger magnitude as the background pressure increases, since the in- 
Creased background density will increase the rate at which the laser 
plasma is piled-up in the interface, thus increasing n. and decreasing 
the characteristic time for energy transfer betueen the ions and the 
Pleetrons. 

Notice that the source term in Eq. (21) contains an axial tempera- 
vure gradient while the source term in Eq. (29) contains a radial tem- 
perature gradient. The radial temperature gradient is driven by the 


è 


Ber irradiation of the target. After cessation of the laser pulse, 


TO 





this gradient can be expected to decay rapidly as a result of electronic 
meet conduction. In fact, there is evidence that the initial plasma 
becomes transparent to the incident laser radiation during illumination 
of the target | Ret. 2| . In that case the radial temperature gradient 
in the blowoff will begin to relax while the laser is still illuminat- 
ing the target. The only temperature gradient that is driven (in the 
initial plasma) after cessation of the laser pulse is the axial tem- 
perature gradient which results from the interaction between the laser 
plasma and the ambient background. Therefore, the temperature gradient 


appearing in Eq. (21) is the axial temperature gradient. 
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IX. COMPARISON OF THEORY AND EXPERIMENTAL RESULTS 


To compare the scaling of Borax with V p predicted in Ea. (20) 
to the experimental results, one must know the average expansion ve- 
locity of the plasma front during laser illumination of the target. 


It was not possible to measure V during this time interval by the 


LP 


double probe techniaue employed in this investigation. Since the 

functional dependence of the position of the plasma front on the am- 
bient background gas density appears to change after cessation of the 
laser pulse (see Section IV. B.), Eq. (18) cannot be used to evaluate 


Vip ine the initial expansion phase. llany authors | Refs. 39 8 and 10] 


A Bez H 
have reported observing that Vip "Ra during laser illumination of the 


Gerpet and they have interpreted tne pigsma expansion.in this time 
Maberval as corresponding to the propagation of a radiation-driven deto- 
Batcıon wave. If this functional dependence is assumed for the present 


investigation, then Eq. (20) predicts that B,,, & 91/3 ee 
QAX o 


this predicted scaling of as the cube root of the backeround gas 


DO MAX 


pressure is compared with the measured values of Dor 


10.4, °, 0.4) for the case of a Mylar laser plasma expanding into various 


at the position 


pressures of nitrogen background gas, i.e., the Mylar curve in Fig, 9, 
A Mylar laser plasma was chosen for comparison purposes because in 
arriving at Eq. (20), the effects of the generation of reverse field at 
the front of the expanding laser plasma were neglected and McKee ob- 
served no field reversal at the front of the Mylar laser plasma pro- 
duced in his investigation (pressures below 250 mTorr HN). The com- 


puted values of Dous in Fig. 49 agree with the experimental values to 
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within 20% at pressures below 250 mTorr ln. Above 250 mTorr i, the 
computed and experimental values of Doug (ayer ro This is due, in 
part, to the generation of reverse field at the front of the laser 
Mesma. In Fig. 59 the predicted scaling is compared to the Al curve 
0. The computed values are well above the mesacurcasvalues of 


B This result is not surprising in view of the production of 


OLAX’ 
reverse field which is known to occur at the front of the aluminum 

laser plasma. If the computed values of Doan in Fig. 50 do represent 
the fields one would measure in the absence of the generation of reverse 


field, then one can equate the difference in the magnitudes of the com- 


puted and observed fields to the magnitude of the reverse field (B,)- 


meme 5) 1S 2 plot of B, versus nitrogen background gas pressure ob- 


R 
Gained from Fig. 50 using this technioue. The reverse field appears 

to scale as p3/4. One can test the validity of the interpretation 

Even to Fig. 50 (and Fig. 49) by attempting to predict the pressure at 
Which reverse field should be observed at the position (0.4, 0, 0.4) for 
heKoluminum laser plasma. This can be done by finding the pressure 

at which Bn is equal to the computed value of Dora 


mois pressure the measured field at the front of the laser plasma should 


in Fig. 50. At 


be zero. The pressure is found by solving the equation 250 + 105 ua, 
10(P-1) 374. Thus, reverse field should occur at a pressure of approxi- 
mately 500 mTorr Ne A De Seen irom Fig. Il, reverse field is 

first observed at the position CORA. OF 0.4) at a pressure of about 

2.5 Torr Nos l.e., at a pressure five times the predicted pressure. 

In view of the rather crude approximations which were necessary in ar- 
riving at this prediction, the order of magnitude agreement between 


predicted and measured pressure is not unreasonable, and tends to lend 
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credance to the qualitative interpretations. As a further check, the 
scaling law Der p3/4 has been applied to two values in the range of 
Bell develoved field reversal in Fig. 11, 2.5 Torr and 5 Torr. The 
scaling law applied to the value Bp=25 gauss a 2.5 Torr predicts 
Bp=42 fess at 5 Torr, differing by 20% from the measured value of 
po gauss. 

To compare the results depicted in Fig. 10 to the theory of the 
Mast section, one must again be able to calculate V, over the time 


LP 


interval, 7 , of the laser pulse. Although it was not possible to 


measure Vip during this interval, 1t was possible to measure Vip at 


CS Cos greater than 1 cm from the target. Table I shows the values 


of Borax at the probe position Noa: 0% 0.A) for various background gas 
pressures as a function of Vip» where Vip is the average expansion 


MO city of the plasma front along the line r=0.4 en, 9-0” from z=1.0- 
em These values of Vip should be a measure of the interaction 


occurring between the laser plasma and background plasma during the 


early part of the expansion phase. 





App T 
Bouay AS A FUNCTION OF Vip FOR VARIOUS BACKGROUND PRESSURES 
Pressure Ba wax (causs) VLP (cm/sec) 
Eer N. AQ 10° 
OOO miorr H. 630 45 X 10° 
180 mTorr A 4.0 x 10° 
450 mTorr H; A 10° 
35 mTorr A. ATO Ore 10° 
230 mTorr H, TE T r 10° 
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The data shown in Table I support the prediction made in the last sec- 
tion that different background gases should produce the same maximum 
fields for the same measured values of Vas: although herë e 

the average value of Vip over the interval z=1-2 cm vwnile Ba AX is 

the maximum field at the position (0.4, 0, 0.4). If the field ampli- 
fication depicted in Fig. 10 results from the steepening of the den- 
Mi eradients in the field producing regions of the laser plasma, then 
meets not unreasonable to predict that the maximum obtainable fields will 
be the same regardless of the background gas present, although, of 
@eurse, the pressure at which the maximum fields occur will vary from 
Bas to gas. The maximum fields are of the order of 650 gauss for back- 


grounds of H os N and A in agreement with the above prediction. «The 


22 


parenihanomolous behavior of Ha will be discussed in a following 


2 
subsection. 

Morrall the curves of Fig. 10, the maximum observed fields first 
increase as the pressure increases and then sharply decrease as the 
Pressure continues to increase. It has been suggested oer, 1d thart 
this rather sharp decrease in the magnetic field is a result of col- 
lisional effects (ohmic losses) which come into play at the higher 
pressures. | 

The diffusion of the self-generated magnetic fields is controlled 
by the tern, Ke vB in Eq. (19). This term has previously been shown 
to be negligibly small, at least for times of the order of several 
hundred nsec and for pressures below a few hundred mTorr. For this 
regime it is the high conductivity of the laser plasma which allows one 
to neglect the diffusion term. As the background pressure increases 
the expansion velocity of the plasma front decreases (Eq. (18)), de- 


creasing the rate at which the expanding plasma cools. This decreases 
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the rate at vhich the conductivity Mott) I Ee 
electron temperature of the laser plasma can be expected to increase 

as a result of the interaction between the two plasmas. Thus one is 
not justified in arguing that the decrease in PATTAX observed in Fig. 19 
result of collisional damping. That is, one cannot simply argue 
that at high background pressure the diffusion term will be the domi- 
nant term in Eq. (9). Rather, the decrease appears to be the result 
C] production in a direction opposite to the initial field di- 
rection. Reverse field production can be seen in Fig. ll. As the back- 
Manda Pressure is increased from .25 Torr to 2.5 Torr, the value of 

B decreases and the field peak shifts toward the origin. At 5 Torr 


QIAX 


N eproduction of reverse field at the front of the laser plasma 


p? 
has actually reversed the field direction. As the pressure is increased 


above 10 Torr N the field peak continues to shift toward the origin. 


De 
Maas shift of Douaz to earller times as the background pressure is 
increased appears to be the result of field cancellation due to the 
ration of reverse field at the plasma front. For all pressures in 
Fig. 10, the earliest time at which spontaneous fields are detected 
r (Tes with the arrival of the laser pulse at the target, i.e., mag- 
netic fields are detected at (0.4, 0, 0.4) before the plasma front 
arrives (this can also be seen by examination of Figs. 14, 19, 24 and 
32 as was pointed out in Section VI.C.). As mentioned in Section VIII. 
B., the spontaneous fields created early in the absorption phase will 
be subject to rapid diffusion from the region of production into the 
embient background, the result being that magnetic fields will be de- 


tected at a given position before the arrival of the plasma front. 


This explains' the "instantaneous" arrival of the magnetic field signal 
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in Fig. 11. As the background pressure is increased above 259 mTorr Nos 
the generation of reverse field at the plasma front (see, for example, 


Figs. 36-39) causes BO MAX to decrease. This decrease is the result of 


algebraic cancellation of the initial fields by the reverse fields. As 
the background pressure is increased above 2.5 Torr No the production 
of reverse field contimues to shift the time of "arrival" of reverse 
field at the probe to earlier times. For expansion into a background 


JO Torr N reverse field has diffused into the ambient background 


27 


ahead of the plasma front and caused an even earlier occurrence of re- 


verse field at the probe position. The net result is that B occurs 


OLAX 


Sariier in time in a background of 70 Torr N, than in a background of 


2 


Zoo mlorr N This discussion demonstrates that one cannot attribute 


ar 


any physical significance to the location of Ba at lease at pressures 


MAX? 
Mich the production of reverse field occurs; for example, one can- 


mov use B oe te the position of the Plasma front. This is fur- 


OMAX 
ther demonstrated in Fig. 12. At low pressures, the maximum magnetic 
fields are located near the front of the laser plasma and little reverse 
field production is occurring at the front. Therefore, the maximum 
detected field arrives later at 0.4, O, go) tnan at (Om; O, RS 
u to first nailon the maximum field can be considered to be 


esen in the plasma. At a pressure of 70 Torr.N however, the maximum 


29 
Memandetected at (0.4, 0, 0.6) is the "fast" diffusion field. The 
maximum value of this diffusion field "arrives" sooner at (One 9.020) 
Bar 0.4, 9, 0.4). 

The “spike" which can be seen in the double-probe signal in Fig. 11 
for plasma expansion into a backeround of 7O Torr N, @ecurs forall 


pressures and for all background gases. It is not visible at low 


ZC 





pressures at distances less than abcut 6 mm from the target as it is 
masked by the signal from the laser plasma. This early signal was av 
first thought to be the result of a stream of energetic electrons in- 
duced by the interaction between the laser radiation and the target. 
Such electron currents have previously been reported [Rers. 23-25] ç 
The signal was not detected when a glass slide was inserted in the 
chamber between the probe tips and the laser impact area or when the 
target was removed from the chamber and the laser was shone through 
the chamber (light in through port #1 and out through port #3 of Fig. 3) 
with the probe in place. Therefore, it was definitely not a form of 
circuit noise and the source of the signal was unable to penetrate a 
nin microscope slide. 

If the source of this early probe signal is a laser-induced elec- 
tron current, then one can estimate the associated magnetic field by 
assuming that it results from an axial electron current. The electron 
number density can be estimated from the magnitude of the probe signal 
DI amp at KO, O, 1.0) ) by assuming that the probe current results 
from the net collection of secondary electrons by the probe. One must 
assume the current to be the result of the collection of secondary 
electrons (due to bombardment of the probe tips by the energetic elec- 
trons making up the laser-induced axial electron current), since no 
current flovs in the circuit of an isolated double probe immersed in 
an electron beam. By assuming that v_~10° cm/sec, and that one 
Secondary electron is ejected per incident electron, one can use Eq. (17) 


L. _ a St _ 
with (l+ €)€ =l to show that ne o 2 cm 5 MË n. is assumed to be 


constant out to the radial position r=4 mm, then the maximum "instan- 


taneous" magnetic field detected at the position (ol ‘should be 
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uU n eV r 
about 1000 gauss (B= Ses ). However, the maximum instantaneous 


field detected at this position was of the order of 10 gauss. Thus, the 
early double probe signal does not appear to result from a laser-induced 
electron current directed along the axis. Another possible source of 
the early probe signal is plasma radiation in the extreme ultraviolet 

or near X-ray region. Radiation in this frequency range would not be 
Male to penetrate the thin glass slide. Photoemission of electrons from 
u n is known to occur in this frequency range. For example, the 
Bhotoclectric yield is about 5 electrons/photon for incident photons of 
wavelength 620 À (20 ev) [Ref. 26) - In this case the early probe signal. 
would result from a repulsion of the photoelectrons emitted at the probe 
tip collecting the saturation ion current (probe #2 in Section V.E.) 

ama an attrection of the photoelectrons emitted at the other tip. A 


JË 


probe current of 1 amp for 2x 10” sec corresponds to photoemission of 


Meproximately 5 x ou electrons. Tnris Corresponds to absorption of 
about D photons at wavelength 620 À and represents a total energy of 
the order of foe joules radiated at this wavelength into a solid angle 
of 27 steradians. Therefore, this signal source is energetically pos- 
e. BE her support for this source is rendered by the fact tat 

the early probe signal did not significantly change in shape or ampli- 
tude as the double probe was moved from the axial position z=2 cm to the 
position das, 0, 2.0). This result suggests that the early signal 
source possesses spherical symmetry. One would expect the radiation + 
flux from the laser plasma to be isotropic while a laser-induced eee 
Current would probably be directed primarily along the axis. 


Although detection of the actual' reverse field only occurs at pres- 


sures in excess of .25 Torr, reverse field generation influences the 


2 





observed pressure dependence of the mametic fields (Figs. 9 and 10) 
St lower pressures. The production of reverse field at the front of 
|Vz"ellVrRel 

mie laser plasma requires that the ratio KA KA | be larger than 
one. This production of reverse field is driven by an interaction 
(momentum transfer) between the laser plasma and the ambient background 
plasma (Fig. 13). The interaction, results in a steepening of the front 
of the laser plasma (pile-up) ano eeonsecuen ly tari vena 
temperature gradients. No similar mechanism exists to drive a radial 
temperature gradient and, as described Iinpecerion 11.6.) the initial 
laser-induced radial temperature gradient can be expected to decay 
rapidly. Although it was not possible to quantitatively determine the 
Magnitude of the gradients in the above ratio, it is conceivable that 
tne ratio would be larger than one as a result of the strong heating 
(very larre v1.) taking place in the front. 

mecan estimate the electron temperatures required to produce the 


observed field reversal by dimensional analysis of Eq. (21). From 


that equation, one obtains the expression 


6 
Fo Tous rôz 
e T 


where ó and $ are the radial and axial scale lengths and T is the char- 

Meireristic time for reverse field DEroaduet ion. zirom Fies. 36-33, 

6, „5 mm, T ~209 nsec, and Boag O gauss. If one estimates $. to wa 

4 mm (see Fig. 40), then one obtains about 1 eV for the required elec- 

tron temperature in the front. The ion temperature at the front can be 
2 2 


estimat xpression 21! - 31 E 2 | 
mated from the expression th pV. aM el + SM pV a + She T 


Nap) kT, where Vi and Ve are the initial and final proparation speeds 
of the plasma front, Ep and Hap are the masses of the laser plasma and 


Swept up ambient plasma ions, and Nip and Nap are the total number of 
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Z 
laser plasma and swept-up ambient plasma ions. By the time reversal 
i 
M apparent (Fig. 36), the front has propagated to z~ 1.5 cm, and ee 


16 


DX 10° cm/sec. Therefore, Nip” 10 ana ume fon tvemperavure in the 


16 
meont is of the order of 400 eV Ee x 10! cm/sec and Nip “10 De 


6 


If one assumes that the front contains vol ait ions in a volume of 


T Rea en -1.4 x 10 7 cm”, then n - 2 x 10% cm 2, The plasma has 
also swept up on the order of 1026 electrons Contalnea in the photoionized 
background. Assuming Ti eV, one obtains a value of approximately 
300 nsec for SC , the electron-ion energy equipartition time. Thus, 
fae electrons "L heated to the required temperature, at least on 
the basis of this simple analysis. 

When the plasma encounters the glass plate, its directed kinetic 
enërsy 15 transformed into thermal energy via viscous ion heating as 
meeeplasma piles up at the plate. In effect, then, the glass plate acts 
meme very dense background gas. The reverse fields detected by the probe 
are larger and have a sharper onset in a background of 700 mTorr N. 
Man 5 mPorr. The reason for this is that for expansion into 700 
morr E, the pile-up of the laser plasma at the front has resulted in 
production of reverse field before the steep front reaches the plate, 
thus reducing the magnitude of the initial fields. Also, the steep 
front will probably produce larger axial temperature gradients near the 
Mate and produce them in a shorter period of time. 

An order of magnitude estimate of the axial temperature gradient 
necessary to produce the observed fieles asain yields a value for r 
on the order of 1 eV. 

Thus, it appears that to observe field reversal at the front of the 


laser plasma one need only cause a pile-up of the laser plasma (steeven- 


ae of the front) at a sufficient rate to produce a large axial 
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temperature gradient. For the case of the laser plasma streaming into 
an ambient background plasma, the pile-up is a result of the observed 
coupling between the two plasmas. The reason the reversal occurs 
earlier in space and time as the background pressure increases (Fis. 
13) is that the rate at which the pile-up occurs increases as the mass 
density of the snowplowed background increases and thismancreases E 
E front. This also explains why, in Fig. 13, the He curve lies to 
Beckett of the N. curve. One might also expect that the H, curve 
Ile to the left of the He curve in Fig. 13. However, Fig. 10 
Clearly shows the onset of reversal at Dk O, 0.4) to occur at about 


oëmlorr H,: that is, at a value between the pressures corresponding 


oi 


o the onset of reversal for He and Ho There is another apparent 


II with the H curve in Fig. 10. If the initial field amplifi- 
eis the result of en interaction between the laser plasma and the 
ambient background plasma (during the time the laser is irradiating the 
Ereet), then one would expect production of fields on the order of 

600 gauss at sufficiently high hydrogen background pressure (see Eq. 
(20) and subsequent discussion). GE ir cne present model is 
valid, another mechanism must be obtained by examination of Figs. 46 
Aj Figure 46 displays SE magnetic field signals detected at the 
position (0.4, O, 9.4) for background pressures of sA as and 19 
lorr Hoe As in Fig. 11, the field maximum shifts toward the origin as 
fe pressure increases, but the structure of the signals has a differ- 
ent character. This structure was investigated by performing an exial 
meeeD alons the 4 mm line for a pressure of 5 Torr En. The results of 


this investigation are shown in Fig. 47. By the time the front has 


propagated a distance of 8 mm, the reverse field has attained a mamitude 
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of about 60 gauss with a spatial half width of about 2 mm. At a dis- 
tance of 1 cm the reverse field has developed a definite double struc- 


ture. The narrow "spike" of reverse field that first develops at the 


I 


front appears to be responsible for the decrease in Bo TAX observed 


move 450 mTorr H, in Fig. 10. The broader field reversal that de- 


2 


Mune later is characteristic of the reverse field signals detected 


meee Ar, and He. If one plots the occurrence of the second field 


2? 


Beversal in Fig. 13, the i, curve does lie to the left of the He curve 


(no reversal is observed for 2 Torr H strong reversal onsets at z= 1 


2° 
and z=.6 cm for 10 Torr). The expansion velocity of 


7 


or 5 Torr i, 


the front was about 10 cm/sec during the time the initial reverse 
field was developing and it decreased to about 4 x 10° cm/sec during 
the time the broader field reversal was developing. Therefore, the 
M reversal appears to be the result of a pile-up of the laser 
plasma, while the narrow reverse field structure is driven by some 
other mechanism. 

This mechanism might be viscous heating of the swept up hydrogen 
background plasma contained in the interface. The hydrogen ions can 
Besheated to temperatures of the order of 100 eV in times of the order 
of one nsec 2 at the interface, eresstherefore, sone can expect an 
electron-ion equipartition time of the order of 40 nsec at the front. 


It is, therefore, quite conceivable that the narrow "spike" of reverse 


field in Fig. 47 is being driven by a large axial electron temperature 





ai oats . 
The ion-ion collision time í be approximated by T; = 


6 m. 1 2 ú 
Bex 10 sr (ev) [n, can 2 [Rer. 18] . Thus, for n ~10 and 


T7100 eV, the characteristic time for the viscous heating of the hydro- 
ecen lions at the interface is ~ 1 nsec. 
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gradient produced at the interface as a result of collisional transfer 
of energy from the swept up hydrogen background plasma to the electrons. 
The reverse field appearing at the "back" of the laser plasma (see 
Figs. 29-31 and 36-39) is not being driven by the axial electron tem- 
perature gradient which occurs as a result of the interaction between 
“the ¿ plasma and the ambient background plasma since it is also 
Present at a background pressure of 0.1 mTorr In. At this low pressure 
no interaction between the two plasmas is observed. This "secondary" 
component of reverse field appears to flow out of the region of the 
laser E point after the emergence of the strongly heated blowoff 
plasma. That it appears sooner and grows to a larger magnitude as the 
pressure of the ambient background plasma is increased suggests that 
the generating mechanism for the secondary component of reverse field 
Memmituencea by the interaction between the laser and ambient plasma. 
If one assumes that the influence is the result of an increase in the 
density gradient at the back of the laser plasma, as indicated 
by Figs. 27 and 37, then Ea. (19) suggests that a small radial tempera- 
meee eradient also exists at the back of the blowoff plasma. This ex- 
planation must be viewed with some skepticism at ambient backrround 
pressures for which a SÉ interaction is observed. The interaction 
will drive an axial temperature gradient olen at the back of the blow- 
off plasma as a result of laser plasma pile-up. This axial tempera- 


ture gradient should be much larger than any residual radial temperature 


gradient. 
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X. SUMMARY AIM CONCLUSIONS 


This investigation has been a continuation of the research started 
uji L. McKee on the origin and properties of the spontaneous mare 
netic fields associated with laser produced plasmas. NMcKee's investi- 
Bation was limited to the characteristics of the spontaneous magnetic 
fields associated with a Mylar laser plasma streaming into various 
Mess densitics of an ambient nitrogen plasma. The only diagnostic tools 
Msed in his investigation were magnetic probes (inductive loops). 
Using these probes he observed that the magnitude of the spontaneous 
magnetic fields exhibited a systematic dependence on the pressure of 
the ambient nitrogen plasma. Below background gas pressures of about 
am mlorr N. the maximum observed magnetic ficlds at a fixed probe po- 
Sition were independent of the background gas pressure. Between about 


miorrand 25909 mTorr N_ the maxımum magnetic fields increased with 


2 


pressure, while above 250 mTorr N, the maximum magnetic fields at a 


e 
fixed probe position decreased with increasing background gas pressure. 
McKee developed what seemed to be a plausible model to explain the 
observed pressure ei 

Em the “TERS investigation, electric double probes in addition 
to magnetic probes have been used to study the characteristics of spon- 
taneous magnetic fields associated with an aluminum laser plasma cx- 
panding into backgrounds of H 


He, N and Ar and to study their spatial 


2? DI 


relationship to the plasma relative density profiles. The folloving 


conclusions have been reached as a result of this investigation: 
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(1) 


(2) 


The model proposed previously to explair the systematic 
pressure dependence of the spontaneous magnetic fields was 
incorrect. That model required the formation of a density 
shell at the front of the expanding laser plasma for back- 
ground gas pressures above about 1 nTorr No and the subse- 
guent production of spontaneous magnetic fields within the 
density shell. It was argued that these magnetic fields 
would be in the same direction as the axially symmetric 
fields residing in a laser plasma expanding into backgrounds 
ep Less than 1 mTorr No Hovever, in the present investiga- 
tion no density shell vas detected at the front of the Mylar 
laser plasma and the occurrence of reverse fields at the front 
of an aluminum laser plasma expanding into a sufficiently 
dense backsround could not te explained by the "shell" model. 
The model developed as a result of the present investigation 
attributes the increase in the magnitude of the initial spon- 
taneous magnetic fields with increasing background gas pres- 
sure to the interaction which occurs between the laser plasma 
and the photoionized background plasma during the time the 
laser is irradiating the target. The interaction increases 
the axial density gradients at the front of the expanding 
laser plasma and this, in turn, increases the rate at which 
spontaneous magnetic fields are produced in the interaction 
Br 5 V n, 


ot|source e n, 


As the pressure in increased above a certain critical pressure, 


region via the thermal source term, 








which appears to decrease as the mass of the background plasma 


lons increases, reverse field is generated at the front of the 
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(4) 


(5) 


streaming plasma. This reverse field generation appears to 
be the result of a pile-up (and re-thermalization) of the 
laser plasma as it sweeps up the ambient background plasma, 
and it continues long after laser shut-off. The pile-up 
drives an axial electron temperature gradient at the plasma 
front and, therefore, the spontaneous magnetic fields are 
produced in a direction opposite ates SE on of the 

oB Z r 
j n a N Se "e "pn 

source e 

Reverse field can be produced long after laser shut-off ıf 
the laser plasma encounters a barrier. Therefore, one might 
expect to observe spontaneous magnetic fields whenever a 
streaming plasma encounters a barrier (for example, the solar 
Wind encountering the earths magnetic field or the plasna 
ejected from a plasma sun and streaming into an ambient 
background). 
Reverse field is initially produced at the front of the laser 


plasma streaming into a background of H, at pressures above 


2 
450 mTorr before any significant pile-up of the laser plasma 
has occurred. This narrow component (spatial half-width of 

~ 2mm) of reverse field appears to be generated in the 
swept-up hydrogen background plasma and it is followed by the 
appearance cf a broad component of reverse field as the plasma 


front steepens and slows due to the interaction between the 


laser-plasma piston and the background. 
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APPENDIX A 


Expressions for the characteristic times for ordinary collisions 
and for energy transfer among the charged particles making up a plasma 
as a result of these ordinary collisions can be obtained through some 
simple ideas based on the motion of the individual charged particles. 

ne absence of a strong magnetic ficld, a particle's (here, an 
ion or an electron) path through a background medium (also ions or 
electrons) can be approximated by a broken line of randomly directed 
segments, each of length £=vt , where V is the average speed with 
Mech the particle collides with the background and T is defined as 
the average time between collisions. The BEE E is then the 
mmber of collisions per vnit length made by the incident particle as 
it moves about in the background and one would expect, therefore, that 


Ra » Where nis the number of background particles per unit 


2 
Mime and O is defined as the effective size of the scattering back- 
Bund particles. The size of the background particles can be taken 
to be Tb“ o where b is the distance of closest approach WEE a back- 
round particle and an incident atesti particle: Mhe v2lu& once obtains 
for b clearly depends on the nature of the interparticle forces and on 
the energy of the background particle, incident particle system (here, 
the particles are considered as point charges vith no internal structure 
and all collisions are therefore elastic). 

If one assumes the active interparticle force to be the coulomb 
force (an assumption which appears valid for conditions of the present 
a zZ 


investigation) then 1 2 Where € is the relative kinetic energy of 
b 
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the background particle, incident particle System at large separation 
distances (before the encounter). How it turns out that because of 
the long range nature of the coulomb force, there will be many long 
range, small angle collisions between the particles and these colli- 


2 
sions will increase the effective value of Oe Tb about an order of 


2 
e 2,29_2 
magnitude above the value Tf 1 j S o See 1s generally 


€ 
obtained by assuming that the background particles are stationary, 


and that € is the mean thermal energy of the incident particles, the 
mean free path for coulomb collisions is proportional to the square 

of the average energy (lab system) of the incident particles or to the 
square of their temperature if one assumes a Maxwellian distribution 
Sievelocities. 


his investisation, use is made of two characteristic times: 


x r characteristic time for energy eauipartition between the 


el 


plasma electrons and the plasma ions and T the ion-ion collision time. 


Because large fractional energy exchanges occur between like par- 


leshin a single collision, one can vritet u and WA Su. 


~ 


where 


a 5 TË y and q are respectively the ion-ion energy eauipartition 
e e 


time, the electron-electron energy equipertition time and the electron- 
eeectron collision time. Since the relative velocity in electron-ion 

collisions is of the same order as in electron-electron collisions, and 
Since recoil effects can be neglected in the relatively long range small 


angle collisions considered here, one may write Toj “To. On the other 


hand, only a small fraction of the energy is transferred (the order of 


the mass ratio) in collisions of electrons with ions so that ae > 


el 
m 


m : a : : 

= . 8 i e Since the particle mean free path is proportional to 
m sei m e 

the square of the temperature, if the ions and electrons are essumed to 
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have about the same temperature, then one can use the relationship 
m m 
e, 112 
dE to show that T, hr, . Therefore, substitutins T, - =) T 
E Emi E mi, 12 
Mithe expression Toj ~ a Te , one ean show that TQ, ~ e 
he ion temperature is larger than the electron temperature, then e: 


i 


S 
1 


E 
inereases, but the eondition T, << T , should still be satisfied as 


m 
ski 
long as T, << a L, : 


Maus, because the electrons and ions making up a plasma have a mas 


u 


Patio very different from unity, a loeal equilibrium (Maxwellian dis- 
tribution) ean be established with the electron and ion fluids long 


Memore it is established between the two fluids, i.e., 


m m 
ree (EAE E) TË 
E e Ur 1 m el 


mia much more rigorous analysis, Spitzer [Rer. 5] obtains the 


following expressions for the relaxation times: 12 


3/2 
0.266 T (K) 1/2 572 

T = = + = ll.á(mionf/moyroton) Ty  M 

e n (cm-3) ln A e E 
= n, Cem Jin A 
Ke 

where In, the coulomb logarithm is proportional to In Tz and has a 
MONA ne 


nale of 11.9 for n =10 em and T,=100eV. 
In computing the above relaxation times, Spitzer assumed the elee- 
trons and ions possessed a Maxwell-Boltzman veloeity distribution, but 


with different kinetic temperatures. 


‘ -3 m. NW roton Di 
12 3.19x10 = 1896 O I T, (K) 
€ “proton ion 
T = 
ei 


-3, „2 
n, (cm ) zZ, ln À 
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Figure 1. Cylindrical-polar coordinate system used. 


91 





Ee, 
Laser 


Pockels / 
Cell 
Polarizer (1) 


Nd 
Oscillator 
Laser 
SS, Beam 
Expansion 
Optics 
Nd 
Amplifier E \\ 
Laser c 
=ı >hetodıede MgO 
u) 


Beam \ Diffuser 
Splitter 


SA Lens 





mektronix 
7904 


Oscillo- 
a Ope 





Vacuum 
Chamber 


Laser Power (Trigger)Signa 


n r 2. Block diagram of experimental layout. 
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Figure 3. Top view of vacuum chamber. Port #1 is the laser 
beam entry port, #2 is the reflected laser beam 
observation port, #3 is the transmitted laser 
beam observation port, #4 is an optical observa- 
tion port, #5 is the forward optical/probe obser- 
vation port and #6 and #7 are the side optical/ 


probe observation ports. 
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Figure 4. The electric double probe circuit. 
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Figure 6. 


Bg (Gauss) 


150 






Probe in from the top of 


100 the chamber 
50 
150 
Proben from the side 
100 port (#6 in Fig. 3) 
50 


TIME (10%nsec) 


Ba signal for a background pressure of 


no në horizontal scale is 


100 nsec per divisions. The coil of the 
magnetic probe is located at the posi- 
trend. 4. O05 1.0), 
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VERTICAL SCALE (Gauss per Division) 
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lire 7. Magnetic field at (0.5, 0, 0.5) for a 
pes oindip es urekoi 290 mlorr Na, 
The top trace vas obtained using a mag- 
netic probe vith a glass-enclosed tip 
while the lover traces vere obtained 


using an open (unshielded) tiv. The 
probe was inserted from the top of the 
chamber. 
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Probe inserted from the right 
othe chamber (port #6) 


50 i 
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rrë 8. Magnetic field at (0.4, 0, 0.7) for a 
PERS Uno res SURE ot 250 Miorr N, 
(open probe). 
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Figure 13. 


10 S 1 
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Onset of "strong" field reversal as a 
function of background pressure along the 
liey (J lon. 0 09 for He and keen, The 
vertical scale represents the z coordinate 
of the magnetic probe position in mm. 
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Figure 43. (a) The isothermal and iso-density contours 


existing near the target surface during 
the laser pulse. 


(b) One dimensional expansion of the laser 


plasma piston into an ambient background 
plasma 
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Figure 44. Position of the front of the expanding aluminum 

laser plasma versus time for various background 

gas pressures. The data was taken along the ex- 


pansion axis with a Langmuir double probe. 
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Figure 45. Axial position of the front of the expanding 
aluminum laser plasma versus nitrogen back- 
ground pressure at t=100 nsec and t=1000 nsec. 


139 





Pressure (Torr) BA MAX (Gauss) 


0.45 537 


2.0 = 224 
(/) 
Dj 
(Ú 
C9) 
X 4 
mn 
5.0 120 
10 40 


V234 5678 
TIME (100 nsec) 


n 46. Magnetic probe signals (Bg) detected at the 
peca z= 050% em, 0-07 for various hydro- 


gen background gas pressures. 


136 





Figure 47. 


Bo (Gauss ) 


90 


S Ree ! my CRelative Units) 


Grr onde cD 


- 
Ee 


25 FR 
V M PN E 


= 29 


-50 


10 
0 


210 
-20 
0 
SR 


20 


10 


-10 
-20 





p | 
ZO Go Ag) 
t ISË 
3 Be 


TIME (102 nsec) 


The magnetic field and density profiles de- 
tected at various positions along the line 
m=0.4 em, 0=0° for a background pressure of 
9 Torr H3. 


Ha 


Deo em 


8 
ia © 
E © 
— ° e ° 
, ° © 
7 e © 9 
e a at © © 
< 
LU 
X a 
q Y 
LU 
= 
= 
Gr 
k. 
"A 
tu ` 
= 
3 
10 20 30 40 50 60 
FREQUENCY (MHz ) 
Figure 48. The effective area of the magnetic probe circuit 
as a function of the frequency of the detected 
signal 


138 





------ computed curve 


240 


200 


160 


120 


Bo MAX (Gauss) 


80 


40 





10 100 


Pressure (mTorr No) 


Figure 49. The maximum observed and computed (dashed 
line) values of Bayay for a Mylar laser plasma 
as a function of nitrogen background gas 
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fields at the front of the expanding laser plasma was observed long after laser 
Mrradiation ceased. These fields were axially symmetric and in a direction 
Mpposite to the initial field direction. Reverse fields were observed only above 
a "eritical" background gas pressure. Magnetic fields were also observed to 
rise when a laser plasma impinged on a glass plate. 

M observed increase of the magnitude of the initial spontaneous magnetic 
mields is interpreted as arising from the momentum interaction between the ex- 
Pending laser plasma and the pre-ionized ambient background plasma. The reverse 
field is attributed to the development of an axial electron temperature gradient 
| the plasma front due to snowplowing of the ambient plasma. 
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